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ELForD (1931) described the preparation and characteristics of a new: 
series of graded collodion (“‘ gradocol’’) membranes. These membranes have 
since been extensively used in ultra-filtration analyses of tissue extracts con- 
taining filterable viruses. In addition to providing a refined filtration technique 
for investigating such systems, they have proved of much value in obtaining 
evidence concerning the particle sizes of the viruses and bacteriophages. In 
view of the extended use of the method and its increasingly wide sphere of 
application, it appears desirable to supplement the first communication by 
describing in greater detail certain important features in the experimental 
procedure, incorporating later developments in technique. 


METHOD OF CALIBRATION—PRACTICAL. 


The membranes are graded in terms of “average pore diameter ”’—a 
quantity whose calculation is based upon the assumptions of a simple mem- 
brane structure and of the validity of Poiseuille’s law for the flow of water 
through it. The more explicit term “average pore diameter’”’ (A.P.D.) has 
been adopted in preference to the one originally used, “‘ average pore size ”’ 
(A.P.S.). This quantity is conveniently calculated from two independent 
properties of the membrane, the “rate of flow of water’ (R.F.W.) and the 
specific water content (S.W.C.) ; their definitions and methods of measurement 
are outlined below. 

In practice a single large uniform membrane sheet is cut into thirty to 
forty discs, of which five or six are employed for determining the R.F.W. and 
S.W.C., the others being subsequently available for filtration experiments. 


>? 
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Measurement of Membrane Thickness. 


The calculations for rate of flow of water and specific water content both 
require a value for the thickness of the membrane. This may be measured 
by (a) a micrometer gauge and (b) observation of sections under the microscope. 

(a) The first method is preferred in routine work because of its greater 
convenience. A sensitive gauge is necessary, with the contact of its jaws 
controlled by the uniform pressure of a delicate spring. The type of micro- 
meter which involves tightening a screw by hand is unsuitable in the absence 
of a means for assessing the applied pressure, since the membranes are to a 
certain extent compressible and it is difficult to obtain reproducible readings. 
The instrument (manufactured by Zeiss) most extensively used in this labora- 
tory has two agate jaws, one of which is movable and spring-controlled. The 
displacement of the latter is transferred through a geared mechanism to a fine 
needle, which revolves over a circular calibrated dial. The thickness of an 
object placed between the jaws may be read directly to 0-01 mm., and esti- 
mated to 0-001 mm. In making a measurement on a membrane disc, it is 
essential that the plane of the collodion film be perpendicular to the plane 
passing through the micrometer jaws; any other alignment results in too 
high a reading. There must be no opportunity for the jaws to bite into the 
collodion. In practice the membrane is placed between the jaws, and after 
proper alignment is slowly drawn in its own plane through them, the minimum 
scale reading being noted. The mean of at least six measurements, at different 
places on the periphery of the disc, is selected. This instrument is satisfactory 
for thicknesses as low as 0-08 mm. 

A very simple type of micrometer made by Ross, Ltd., has given satis- 
factory results for thicknesses down to 0:10 mm. The membrane disc is 
placed between a fixed plate and a pivoted bar, causing angular displacement 
of a long pointer ; the linear displacement of the free end of the latter, measured 
on a scale, is sufficiently great to estimate thicknesses to 0-005 mm. As the 
mechanism of this instrument is less delicate, a stronger controlling spring is 
required, and the membrane is placed between two No. 0 cover-glasses to prevent 
compression ; a zero reading is made for the cover-glasses alone. 

(b) The microscopical method for measuring membrane thickness has been 
used as a standard check on the micrometer values. A strip about 1 mm. 
wide is cut from the centre of the membrane disc with a very sharp knife or a 
safety-razor blade. The cut must be very clean to insure a well-defined image 
in the microscope. The strip is bent in the form of a Z to permit it to stand 
on edge, and is placed in this position on an object slide and covered with dis- 
tilled water. The middle of the central segment, where the film is unaffected 
by the bending, is observed in the microscope, and the thickness read from a 
micrometer ocular whose scale has been calibrated against a standard ruled 
object slide. The values of membrane thicknesses from the micrometer 
measurements agree very satisfactorily with those obtained microscopically. 

A method capable of giving thicknesses accurate to 0-001 mm. is that based 
upon the principle of the optical lever, used by Jones and Miles (1933) in their 
studies upon the tensile strength of nitro-cellulose films. However, this is 
too elaborate to be convenient for routine calibration of the membranes 
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ordinarily used in bacteriological work, but becomes necessary for standardiza- 
tion purposes with thicknesses below 0-10 mm. 


Measurement of Specific Water Content. 


Definition.—The specific water content is defined as the volume of water 
contained in 1 c.c. of membrane when the pores are full of water, as is the case 
for a disc washed and equilibrated in distilled water. Thus— 

WwW, — W, 
3S = Ai : : : ‘ (1) 
specific water content, 
weight of membrane, pores full of water, 
weight of dry membrane. 
A area of membrane cross-section, 
t membrane thickness. 

Procedure.—The thickness of a membrane disc is measured by a micro- 
meter. The area may be taken as equal to that of the die by which the disc 
was cut. However, if the disc has been sterilized by steaming (since the 
membranes shrink slightly under this treatment), the area must be calculated 
from a measurement of the diameter, taking the mean of at least six different 
readings with a centimetre rule. All superficial water is now carefully removed 
from the membrane by folds of Scheicher and Schull No. 575 or Whatman 
No. 50 filter-paper. The disc is immediately weighed on a tared, covered - 
watch-glass, and afterwards uncovered and dried in a hot-air oven at 60° C. to 
constant weight. The temperature must not exceed 70° C., or some decom- 
position of the nitrocellulose may take place. Six hours are ordinarily adequate 
for the drying. The watch-glass and dried disc are allowed to cool in a 
desiccator and reweighed. 

The specific water content is calculated from these data by equation (1). 
Its value ranges between 0-8 and 0-9 for membranes of A.P.D. between 20 mu. 
and 1-0u, and becomes smaller as the A.P.D. is decreased to lower values. 

It is possible also to calculate the thickness of the membrane from the data 
of the last paragraph, using a formula due to Manegold. (1930) : 

W, 
t= Wot 16 ‘ oe : , (2) 
A ‘ 

The figure 1-6 is the density of dry collodion quoted by Manegold ; the 
numerator of the right-hand side of the expression represents the total volume 
of the disc as originally saturated with water. The formula gives values of 
thickness which are, on the average, about 0-006 mm. higher than those 
measured, and affords a convenient check upon both the micrometer reading 
and the weighings of the 8S.W.C. determination. 


where S 
We 
Wi 


Hoi ue ld 


Measurement of Rate of Flow of Water. 
Definition. 
The “‘ rate of flow of water” is defined (Elford, 1931) as the volume of 
water which flows through 1 sq. cm. of membrane area in one minute at 20° 
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C. under 100 cm. of water pressure, the membrane thickness being 0-1 mm. 
It may therefore be expressed by the following general equation : 
Vt x 60,000 

Ff = cep ss a : , ‘ ‘ (3) 
rate of flow of water, 
volume of water passing in c.c. 
time interval of flow in seconds, 
area of membrane (sq. cm.) through which flow occurs, 
pressure producing flow, in cm. of water, 
thickness of membrane in mm. 


Side View of Clamp: (S) 


Recess for Washer 


Fic. 1.—Glass cell for measuring the rate of flow of water through membranes. 


Apparatus. 


The cells previously described (1931) are suitable for calibration of mem- 
branes of high R.F.W., but for membranes of lower porosities the rubber bungs 
are ill suited on account of possible small leaks and deformations which alter 
the volume of water enclosed in the system under pressure. The importance 
of avoiding such effects is explained below. An improved all-glass apparatus 
is shown in Fig. 1. It is desirable to mount the assembled cells rigidly in a 
standard level position, in a water-bath at 20° C., and to be able to make 
consecutive determinations in either direction through the membrane without 
disturbing the mounting. These qualifications are fulfilled in the arrangement 
of Fig. 2, which provides a convenient means of reversing the applied pressure. 

In practice, the numerical values of F vary from 35 to 0-00002, a range of 
over 10°. Hence V and P must be varied considerably in order that 7' may 
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remain within the limits of convenient measurement—preferably not less 
than 30 seconds, nor more than 15 minutes, and most conveniently not more 
than 6 or 7 minutes. Fortunately the strength of the membranes increases 
with decreasing R.F.W. For the highest grades a pressure of 10 cm. of water 
is sufficient ; it can be safely increased to 350 cm. of water with membranes 
at the bottom of the porosity range. For varying the values of V, it is con- 
venient to employ different sets of calibrated bulbs. Appropriate values for 
pressures and bulb volumes, together with the ranges of R.F.W. to which they 
apply, are given in Table I. Since membranes are ordinarily graded in terms 
of A.P.D., the corresponding approximate A.P.D. ranges are also included. 


—To Manéometer ana 
Source of Constant Pressure 


Fie. 2.—Apparatus as assembled for measuring the rate of flow of water through membranes. 


TABLE I.—Ranges of Application of Pressures and Bulb Volumes in R.F.W. 
Determinations. (Area of membrane exposed to flow 0-82 sq. cm.) 


Volume Range of Range of application. 
of pressure (cm. — ot 
bulb. of H,0). R.F.W. A.P.D. 


Large bulbs of Fig.1 . 2:5cc. . 10-60 . 1-30 . 0°25yu-1-3u. 
Small bulbs of Fig. 1 . 0:25¢.c. . 40-70 . 0-08-1-5 . 80myp.—0°3u. 
or Fig 2 
Capillaries of Fig.2 0-01-0°03c¢.c. 40-70 . 0-005-0-008 . 20my.—80mu. 
300-350 . 0:00003-0-005 . 2myu.-—20muz. 


Description of bulb. 
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Bulb constants.—For a given bulb, the values of V and A in equation (3) 
are constant, the latter being the area of the circular opening at the flange, 
where the membrane disc is clamped, as measured by a rule or vernier calipers. 
Thus the R.F.W. may be, in practice, calculated from the simple equation— 

Kt 


F =p . . . . . (4) 


where K, the bulb constant, equals . x 60,000. 


Technique of Measurement. 


Assembly.—The openings in the centres of the two half-cells must be 
accurately aligned before the clamping screws are completely tightened. The 
openings should be concentric with the outer rims of the flanges, so that the 
adjustment can be made by aligning the latter. Membranes of the higher 
grades must not be clamped too tightly ; turning the screws barely home is 
enough to compress the rim of the disc slightly and make a good joint with the 
ground-glass without injuring the membrane. If the membrane is damaged 
in assembly, successive R.F.W. values usually increase rapidly and the disc 
finally breaks. Membranes of the lowest grades, on the other hand, can with- 
stand a firm clamping. They are thinner and not so compressible ; as a result 
the joint between membrane and ground-glass is not always perfect, possibly 
due to the unequal distribution of the clamping pressure, which is localized 
at the four screws. In such cases a thin washer of rubber dam should be 
inserted on each side of the membrane. This modification may well be adopted 
as a uniform technique for all membranes. 

The cells are completely filled with water through the stopcocks, which 
are later used for adjusting the levels of the meniscuses in the bulbs. 

Pressure measurement and levelling of cells —Pressures up to 70 cm. of 
water are produced by a column of water and measured by a water manometer ; 
for the higher pressures a column of mercury is employed. During a R.F.W. 
determination, the difference in height between the rising and falling menis- 
cuses at any moment constitutes a small addition to or subtraction from 
the external pressure applied. In practice this is eliminated by adjusting 
corresponding points of opposite bulbs against a horizontal levelling wire 
(Fig. 2), and arranging the heights of the water columns so that one bulb is 
just filled, while the opposite bulb is emptied. In determinations where the 
capillaries are used, however, this is not convenient, due to the bulging of the 
membrane (as explained below), and correction for the difference in meniscus 
heights must be made. 

Changes in volume in the cell under pressure—Under the mercury column 
pressures used for determinations with the calibrated capillaries, especially 
when rubber washers are employed, the membrane bulges considerably. It 
may be pushed back and forth alternately in runs in opposite directions, 
apparently without injury. However, the volume of water displaced by the 
bulge may be greater than that of the calibrated section of the narrow capillary. 
Hence the height of the meniscus in the side on which the pressure is to be 
applied must be adjusted by trial and error to a point far enough above the 
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top of the czpillary to allow for the bulge when the pressure is turned on. 
Once bulged, the membrane retains its position under constant pressure ; but 
if the pressure decreases slightly during a run, the membrane will relax and 
may displace enough water to throw the determination seriously in error. 
Other possible errors which become appreciable at these very low R.F.W.’s 
are drainage of water from the glass above the capillary opening, and tiny 
leaks. After the assembled cells are filled with water, the upper openings 
should be dried out with filter-paper before the run is commenced. The stop- 
cocks should be coated with a uniform film of good stopcock grease, frequently 
wiped off and replaced. The joints of the glass must be well annealed and free 
from flaws. 


Calculation of Average Pore Diameter. 


If the pores of the membrane are assumed to be cylindrical capillaries 
perpendicular to the membrane surface and circular in cross-section, and 
Poseuille’s law governs flow of water through them, the following equation 
holds for N, pores: 

V N,zwr'P 
toca er ane , . ‘ : (5) 
T 8nt 
where VN, = number of pores in the area through which flow occurs, 
n = viscosity of water, 
ry = radius of each pore. 

Other symbols as defined above. 

On the further assumption that the measured specific water content gives 
the fraction of the total membrane volume which is occupied by the pores 
effective in filtration, the following relationship holds : 

_ Na w rt Nu wr 


a Ng a) 


From equations (3), (5) and (6) the variables V, t, A, P and Ny, are easily 
eliminated (dimensional constants must be introduced to convert P and ¢ to 
corresponding units). Substituting the value of the viscosity of water at 
20° C., and expressing the results in terms of pore diameter, j, rather than 
pore radius, 7, we obtain the following simple equation : 





j (in microns) = o-2344/% tec ‘ ‘ ‘ (7) 


by means of which the A.P.D. can be conveniently calculated from the R.F.W. 
and 8.W.C. values. 

It was noted in the previous communication that values of F plotted against 
j lie on a continuous curve. This can be true in general only if 7 may be 
expressed in terms of F as the sole independent variable, 7. e. by equation (7), 
if every membrane with a given value of F has the same value of S. The most 
important factors which alter the relationship between F and S are the con- 
centration of collodion in the original solution and the thickness of the layer 
poured for evaporation ; and in practice these quantities are kept constant. 
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INTERPRETATION OF CALIBRATION DATA IN ESTIMATING AVERAGE PORE 
DIAMETER. 


Arrangement of the Pores. 


The calculation of the membrane average pore diameter (A.P.D.) is based 
upon three assumptions : (1) The membrane may be regarded as an impermeable 
medium pierced by straight parallel cylindrical capillaries of circular cross- 
section running perpendicular to the membrane surface; (2) the rate of flow 
of water through the structure is governed by Poiseuille’s law over the entire 
range of porosities; and (3) the volume of the pores effective in filtration is 
equal to the free space occupied by water, and is given by the specific water 
content (S.W.C.). 


+0 


Mo tt Se eMS cog tel atte oe .sh ade Ay ig 
er a Mee CELE ae 


eae oe ree . 


ry +6 8 
LOGARITHM A.P.D —— 
10m 100m 1000 mp 


Fic. 3.—Relationship between water contents and porosities of membranes. 


The extent to which these assumptions are justified will now be considered. 
The first assumption is the most critical, since deviations from the highly 
idealized structure postulated may at once invalidate the other two. 

Any model postulated for the structure of the collodion film must adequately 
account for the experimentally determined values of the specific water contents 
of the membranes. The data for more than 200 membranes are presented in 
Fig. 3, where the 8.W.C. is plotted against the logarithm of the average pore 
diameter expressed in millimicrons. For any given A.P.D. the 8.W.C. is not 
uniquely determined, as it depends also on such factors as the concentration 
of the collodion in the solution from which the membrane was prepared and 
the precise solvent mixture employed. However, the values of S.W.C. vary 
only slightly, and remain at the high value of between 0-80 and 0-92 over the 
wide range of A.P.D. ly to 20my. At lower porosities the 8.W.C. falls off 
more rapidly. 

Now cylindrical pores of circular cross-section must be packed very close 
together to provide so great a proportion of free space within the membrane 
as that experimentally found to characterize the more porous films. Such 
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pores, close-packed in a tetragonal arrangement (Fig. 4a), would represent a 
fractional volume of 0-785; in a hexagonal arrangement (Fig. 4b), of 0-905. 
A hexagonal packing would therefore be able to account for practically all 
observed values of the specific water content, if the pores were pictured as 
tangent to each other for membranes of the highest 8.W.C. values, but slightly 
separated in the case of membranes of lower S.W.C. values. Actually the pores 
may not be circular in cross-section, and are more probably polygonal. 
Evidence furnished by ultramicroscopical observations indicates that polar 
forces operate during the aggregating processes which initiate the formation 
of nitrocellulose films. The linking-up of the colloidal nitrocellulose particles 
to form the structural matrix of the gel is determined by forces which favour 
the formation of chains and closed ring groups in planes parallel to the surface 
of the film. As previously pointed out (Elford, 1933), this mechanism of film 
formation leads to a system of intersecting channels in the membrane. How- 
ever, the very intimate arrangement of pores necessary to account for the high 


a 
Fie. 4.—Arrangement of pores. a, tetragonal; b, hexagonal. 


fractional value of free space in the membrane provides good reason for assum- 
ing parallel capillaries perpendicular to the membrane surface. Further, in 
consequence of orientation, the porosity of the film may be expected to be 
greatest in the direction at right angles to the surface. An isotropic structure 
of the type postulated by Bjerrum and Manegold (1927) having uniformly 
distributed independent pores running in three mutually perpendicular direc- 
tions is not permissible. The close packing of pores necessary to account 
for the observed S.W.C. values precludes the possibility of the pores being 
independent of each other and non-intersecting. The impossibility of inde- 
pendent pores for finite values of S.W.C is seen from Bjerrum and Manegold’s 
own data (see Table II). In calculating the pore radius, these authors assume 
that the volume of the effective pores is equivalent to one-third the specific 
water content, S, of the membrane. 


TABLE IT. 


Reference. s. r mp. N ggg ygerrcee Mig yaa _ 


sq 
Table XII . 0-921 . 22-09 «RR 1-424 
0-621 . 478 . Oe Ie. 0-934 
Table XIII . 0-324 . 0-925 . 6040x110". 0-487 
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The calculated total volume of pores, V, should be equal to S, but this is 
seen not to be so. The impossible values for membranes of high water content 
indicate that the fundamental assumption is wrong. Only when the pores are 
very small indeed and the water content becomes small compared with the 
bulk of solid phase present in the structure does the assumption of independent 
pores furnish approximately correct figures. In such limiting conditions the 
common volume due to intersection of pores becomes negligibly small compared 
with the pore volume. (See also Table III.) 


Calculation of the Free Space for a Hypothetical Membrane Structure in which 
Cylindrical Pores of Circular Cross-section are Distributed Uniformly in 
Three Mutually Perpendicular Directions in an Otherwise Solid Medium. 


Consider a centimetre cube of membrane, and, to facilitate the reasoning, 
suppose that initially the cube be a homogeneous solid, and-that it be then 
pierced in turn by an equal number of uniform cylindrical pores in each of the 
three mutually perpendicular axial directions, x, y and z. When the pores in 
the z-direction have been pierced the volume cut out will be— 

N. 
T wn > 3 nr, 
where N = the eventual total number of pores in the cube, 
ry = the pore radius. 

The pores being evenly distributed, any region of the membrane will, on 
the average, contain a fraction (1 — V,,) of solid medium and a fraction V,, 
of empty space. It follows, therefore, that when the full complement of pores 
is pierced in the y-direction, the net volume of free space not previously included 
in V,, will be— 


V 


py 


Now any region of the membrane will, on the average, contain a fraction 
(1 — Vy, — Vy) of solid medium and a fraction V,, + V>,, of empty space. 
Similarly, when all the pores have been pierced in the z-direction, the new 
volume of solid cut away not previously included in V,, and V,, will be— 
Vv, = 3 ar (1— Vag Vig)- 

Therefore the total volume of free space or the total pore volume V, is 
given by— 


1 1 
Vo = Vos t+ Voy + Vog = Nat* — 5 (Nar?)? + 57 (Ner2)?  . (2) 


The pores effective in filtration and in R.F.W. measurements are only those 
running parallel to the pressure gradient. Their volume is— 
N 
V. 3 nr, 


N 
~~ ar? (1— Vind. 


Equation (2) yields— 


Near? = 3 (1 — fi — V,). 
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Hence— 
yeti S/i- Riek ions oe 
Therefore the fraction, ¢, of the total pore volume possessed by the pores 
effective in filtration is— 
1— 3?/1-—8 
4 (4) 
where S = 8.W.C. 

The error involved in assuming V., = S when calculating the value of the 
pore radius for the hypothetical structure here being considered may now be 
investigated. Table III contains the values of ¢ and the ratio j,/j, for various 
values of S. 


F 
aT oe 





je = pore radius given by 7, = 0-234 a/ 


js = pore radius given by j, = 0-234 V5. 


TABLE III. 

8. 9. Jelj - 
0:91 0-61 5 1-28 
0°85 F 0:55 y 1-35 
0-80 ‘ 0-52 j 1-39 
0°75 Z 0:49 ‘. 1-43 
0-60 4 0:44 5 1:51 
0:40 j 0:39 ; 1-60 

0 i 0-33 : 1-73 


It is evident, therefore, that the assumptions enumerated in the opening 
paragraph will, if the true structure involves pores uniformly distributed in 
three directions as here considered, place the calculated value of the-pore 
diameter in error by a factor 1:3 to 1-4 for the ordinary range of values of 
S. However, this is probably an over-estimate when considering the real 
membrane structure, which for the reasons already mentioned is not possessed 
of the ideal isotropic properties here postulated. 


Water of Hydration. 


The assumption V = S also implies that the “ bound water ’”’ or water of 
hydration is negligible. While this is probably true for the more porous 
membranes, there is evidence suggesting that the nitro-cellulose becomes 
increasingly hydrated in membranes having porosities less than 100 muy. 
It is an interesting fact that the porous membranes, which are white and opaque 
in appearance, dry out at 70° C. as perfectly flat white opaque discs, which 
may be re-wetted with little apparent alteration in properties. However, as 
the region of low porosities is approached desiccation results in marked con- 
traction, the dry membrane being curled up and possessed of a brittle horny 
consistency. The probable explanation of the effect is to be found in the 
augmented hydration of the nitro-cellulose molecules composing the solid 
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network of the gel structure, the latter being irreversibly affected by the 
drying process. 


Is the Assumption that the Length of the Pore is Equivalent to the Thickness of 
the Membrane Justified ? 


The high 8.W.C. values and the tensile strength of membranes might be 
interpreted in terms of a system of closely packed pores which are not perfectly 
straight, but which are tortuous, due to lateral “ staggering ’’ of the nitro- 
cellulose aggregates forming the pore boundaries. The length of individual 
pores, /, would then be no longer equivalent to the membrane thickness, f, 
but a relationship ¢ = y/ would obtain, necessitating a further correction in 
evaluating j. In the absence of precise knowledge of the arrangement of the 
nitrocellulose units in the membrane structure it is only possible to suggest 
a likely value of y. It might conceivably be as low as 0-5, in which case the 
value of j7 would be doubled. However, having regard once again to the close 
packing of pores necessary in any admissible structure and the fact that the 
channels intercommunicate, the net effect must be the elimination of any 
pronounced tortuosity, since, if on the average throughout the length of any 
channel the diameter is fairly uniform, then fluid flow will always occur vid 
the shortest route over which the pressure gradient operates. It follows, 
therefore, that the effective length of the pores in so far as flow of fluid through 
them is concerned must become a close approximation to the membrane 
thickness. Under conditions of membrane structure where a greater indivi- 
duality among the pores obtains, the effects of tortuosity must be augmented 
and the value of y will no longer approximate to unity. 


Poiseuille’s Law. 


It is further assumed in calibrating membranes that Poiseuille’s law governs 
the flow of water over the entire range of porosities. Elford (1933) has pointed 
out that from considerations of the thickness of the layer of water molecules 
immobilized at the pore surface in relation to the pore diameter, and also the 
electro-kinetic effects in ultramicroscopic capillaries, a serious departure from 
this law of flow might be anticipated in capillaries below 10 mu. in diameter. 
Sufficient experimental data are not yet available to enable further helpful 
discussion of the point to be made. 


General Conclusion. 


There is good justification for the assumptions enumerated when applied 
in the calibration of membranes with the high water content values 0-8—0-92. 
This covers the range of membranes generally useful in bacteriological investi- 
gations, viz. 2y to 20my. The calculated A.P.D. values for this region are 
probably within 25 p.c. of the true value. The several factors discussed above 
combine to make the discrepancy—an underestimate—progressively greater 
as the pores become smaller and more individual in character. 

In addition to providing a convenient scale for grading this series of col- 
lodion membranes, the A.P.D. values are also of importance in deducing the 
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particle size of suspensions. However, in this latter connection a factor, 
enabling the A.P.D. of the limiting grade of membrane which just completely 
retains all the particles under optimum filtration conditions to be translated 
into particle size, has been determined from the results of experiments with 
dispersions of known particle size (Elford, 1933). Any corrections applied 
to the calculated pore diameter would not affect the results of the various 
estimations of particle size by ultrafiltration analysis, but would, of course, 
entail a re-adjustment of the “ factor ”’. 


MEMBRANE STRUCTURE AND POROSITY. 


The experimentally established fact that the S.W.C. values remain con- 
sistently high over the wide range of membrane porosities 1-0u to 20mu. 
provides an interesting problem as to how the variations in pore size can arise 
with the sum total of solid phase ostensibly constant. What determines the 
progressive change in porosity ? Observation has shown that the framework 
of the structure is produced by a linking up of particles. Each of the par- 
ticulate units is itself an aggregate of nitrocellulose molecules. If a similar 
type of structure, determined by polar forces, be assumed throughout, then 
the variation in porosity must be brought about by a redistribution of the 
solid phase in smaller units. The mechanism most readily pictured is one in 
which, as the elementary nitrocellulose particles become less aggregated, the 
pores become smaller in size and augmented in numbers. The size of the 
aggregates may range from the molecular to the ultramicroscopic or even 
microscopic order. In the case of the most permeable membranes formed 
from the largest nitrocellulose aggregates, the forces holding the matrix 
together and responsible for the tensile strength are probably the resultant 
surface forces possessed by relatively large particles. As the units become 
less aggregated, so the forces maintaining the structure will become greater 
as the molecular dimensions are approached. This would fit in with the 
observed progressive increase in tensile strength of the membranes, and the 
gradual transition in appearance from being white and opaque in. the most 
completely coagulated state to an increasing degree of transparency as the 
porosity decreases. Such a redistribution of solid phase into progressively 
smaller units provides a satisfactory mechanism whereby membranes of 
constant 8.W.C. but decreasing porosities may result. Eventually one would 
expect to reach some fundamental size of unit beyond which further resolution 
is not readily obtained. Thus the molecular state, or maybe some stable 
molecular polymer, may well prescribe the limit below which further diminu- 
tion in porosity can only take place through a general compression of the 
system with an accompanying increase in the proportion of solid phase present. 
Finally one may picture the molecular units being bound so closely and tightly 
together that the 8.W.C. tends to zero. If close packing of units in a manner 
analogous to a pile of shot occurred, then for a cubical packing the proportion 
of free space would be 0-48, and for the still closer tetrahedral packing 0-26. 
However, this analogy cannot be seriously entertained, since the nitrocellulose 
particles are not spherical, but elongated, and tend to a mutually parallel 
arrangement, so that even more compressed conditions are probable. 
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SUMMARY. 


Methods are described for calibration of graded collodion membranes by 
measurement of their thickness, their specific water content, and the rate of 
flow of water through them ; and by the calculation from these data of the 
average pore diameter. 

The several assumptions involved have been critically examined, and 
evidence provided for their justification when applied to membranes of poro- 
sities greater than 10myu: The relation of membrane structure and porosity 
is discussed, and a possible mechanism responsible for the gradation in the 
porosities of nitrocellulose films is advanced. 
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THE employment of pneumococcal vaccines and antisera in practical 
therapeutics has been hampered by the limitations imposed by the type-specific 
nature of the protection obtained. The more polyvalent a vaccine or serum, 
the less is its effect on one particular strain. The advantages offered by an 
immunizing antigen which is not type-specific, but which protects against all 
types of the species, need hardly be emphasized. Day (1933) discovered ~ 
that when pneumococci were allowed to autolyse under certain conditions 
the type-specific antigen was lost and a new antigen appeared. This new 
antigen was found to produce an active immunity in mice to both the homo- 
logous and heterologous types of pneumococci; the serum of rabbits immu- 
nized with this antigen did not contain agglutinins for the homologous type 
organism, but it protected mice against the homologous and heterologous 
types of pneumococci. Day designated the new antigen “ pneumococcal 
species antigen ’’,* and believes that it is produced by the action of pneumo- 
coccal enzymes on the type-specific antigen. 

The present paper deals with the preparation of pneumococcal specide 
antigen and its immunizing action in mice. 

* This “ pneumococcal species antigen ’’ (Day) bears no relation to the nucleoprotein fraction 


of pneumococci which has been referred to occasionally as pneumococcal species antigen ; gr 
nucleoprotein, on injection in animals, affords no protection against the living organisms. 
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EXPERIMENTAL METHODS. 


Cultures Employed. 


One strain of each of the pneumococcal Types 1, 2 and 3 and a Group 4 
organism were employed. These are the same strains that Day used and are 
all of high virulence for mice: an intraperitoneal injection of 2 x 10-§ c.c. of 
a 17-hour serum broth culture (containing approximately 10 cocci) regularly 
kills mice in less than three days. Frequent mouse passage was used to 
maintain virulence ; stock cultures were made in cooked meat medium from 
the heart blood and were stored at 5° C. 


Immunization and Testing of Mice. 


Mice were given one intraperitoneal injection of 0-3 c.c. of the preparation 
being tested, which had been made neutral before injection. Their immunity 
was tested seven days later, using serial dilutions in broth of 17-hour 2 p.c. 
rabbit serum broth cultures, injected intraperitoneally in 0-2 c.c. quantities. 
When immunizing against the Group 4 strain or against Type 3 a second 
immunizing injection was given one week after the first dose. 


Methods of Preparation of Pneumococcal Species Antigen. 


A. Day’s alcohol method (Day, 1934; slightly modified)—Pneumococci 
(Type 1 or Type 2) are grown in 2 p.c. rabbit serum broth at 37° C. for 174 
hours. Half its volume of glucose broth is then added to the medium and the 
culture incubated 2} hours longer. The pneumococci are collected in sterile 
tubes by centrifuge, and resuspended in a quarter of the original volume of 
saline. An equal volume of absolute alcohol is added, washing down the sides 
of the tube, and is well mixed with the saline by means of a sterile pipette. 
The suspension is centrifuged, the fluid removed and the residue resuspended 
in saline of volume equal to that of the culture used. A few drops of universal 
indicator are added and the reaction adjusted to pH 4—5 with N/10 HCl, 
employing a fine throttled pipette with rubber teat. The tube is closed with a 
sterile plug, and kept for 9 days at 5° C. in the refrigerator. The reaction is 
then adjusted to pH 7-5 with N/10 NaOH, and the suspension is incubated at 
37° C. (3 hours for Type 1 preparations and 2 hours for Type 2). Finally, the 
preparation is acidified to pH 4-5 and heated to 60° C. for 30 minutes. During 
the whole process contamination of the suspension must be guarded against 
carefully and sterility tests made. 

In the writer’s hands this method, though frequently yielding preparations 
of excellent cross-immunizing value, often failed to give good results. It was 
noticed that satisfactory results were usually obtained when the saline sus- 
pension of autolysed organisms had been made rather more alkaline than 
pH 7-5 before incubating, and that the failures occurred when the reaction was 
less alkaline. Day had observed that the conversion of the type-specific to 
species antigens occurred more readily at an alkaline reaction. Accordingly 
the preparations were made more alkaline (pH 8-5-9) before incubating and 
satisfactory results were obtained. These observations led up to the question 
of the relative parts played by the enzymes and by the alkalinity in the 
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conversion process, so the following experiments were carried out’: Suspensions 
in acid saline of alcohol-killed pneumococci were made as above and left in 
the refrigerator for 9 days; samples were then injected into mice, and the 
immunity produced was purely type-specific. The suspensions were divided 
into two parts ; one part was heated to 70° C. for 20 minutes to destroy the 
enzymes ; both parts were then alkalinized to pH 8-5-9 and incubated at 
37° C. as in the above method, and were finally acidified and heated to 60° C. : 
for 30 minutes. Both preparations were found to give equally good cross- 
protection on injection in mice. This result showed that the conversion of 
type-specific to species antigens could be brought about by the action of alkali 
without the agency of the enzymes, and suggested the following method of 
preparing species antigen by extracting the type-specific antigen with acid 
(Harley, 1934) and treating the extract with alkali. 

B. Treatment of type-specific antigen extracts with alkali.—Pneumococci 
(Type 1 or Type 2) are grown as above, centrifuged, resuspended in one half 
of the original volume of saline and one quarter volume N/10 HCl is added, 
making a concentration of N/30 acid. The acid suspension is heated to 
60° C. for one hour, allowed to cool and thoroughly centrifuged ; the super- 
natant fluid is collected (the residue being discarded). This fluid contains 
the type-specific antigen in solution (Harley, 1934). A few drops of uni- 
versal indicator are added, and the reaction adjusted to pH 8-5-9; the fluid is 
incubated at 37° C.,as in method 4, then acidified and heated to 60° C. as before, 
to ensure sterility. 

This method was found to give uniformly satisfactory results, though the 
potency of the preparations was less than that of preparations made by 
method a. 

The above methods a and B were employed for the preparation of the 
species antigen used in the experiments to be described later in this com- 
munication. 

In Day’s alcohol method the time of incubation of the neutralized sus- 
pension of partially autolysed pneumococci was kept as short as possible, as 
he had shown that the species antigen is itself destroyed by the prolonged 
action of pneumococcal enzymes at 37° C., especially when alkaline. In the 
course of the present study it was found that the immunizing power of species 
antigen (made by method B) was not diminished by incubating at 37° C. for 
12 hours at a reaction of pH 8-5-9, but was rather improved. It was thought, 
therefore, that the short period of incubation used in method B might be 
extended and even better results obtained. As a further simplification the 
separation of the type-specific antigen extract from the coccal residue could 
be omitted. The following simpler method (c) was tested and found to give 
good results. Preparations made by this method, as by method 4, contain 
all the bacterial proteins, etc., and are therefore more impure than those 
made by method B, but in many experiments this is of little import. 

Method c.—Cultures are made as before, resuspended in acid saline and 
heated as in method 8B. The acid suspension is cooled and its reaction adjusted 
to pH 8-5-9; it is incubated at 37° C. overnight (16 hours). A sterility test 
is made, and finally the suspension is acidified and heated to 60°C. for 20 
minutes. The preparations are stored at 5° C. 
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RESULTS. 


Nature of the Immunity Induced in Mice by Pneumococcal Vaccines and by 
Pneumococcal Species Antigen Preparations. 


The immunity produced in mice by the injection of pneumococcal vaccines 
(heat-killed young pneumococci in saline of the four types of organisms used) 
was purely type-specific. Similar type-specific immunity without any pro- 
tection against heterologous type organisms was obtained with the type- 
specific antigen extracts of Types 1 and 2 (Harley, 1934). The type-specific 
immunity induced by vaccines of Types 1 and 2 was good, but Type 3 and 
Group 4 vaccines afforded but slight protection. 

In contrast to this type-specific action of vaccines and of type-specific 
antigen extracts, pneumococcal species antigen preparations gave excellent 
immunity to the heterologous type organisms ; with equivalent doses of the 
species antigen preparation the degree of protection against the heterologous 
types approached that obtained with the various type vaccines (Tables I and 
II). This cross-immunity, however, was not usually quite as complete as that 
produced by the type vaccines, due probably to the species antigen preparations 
containing a certain amount of unconverted type-specific antigen, and giving, 


TaBLE I.—The Immunity to Types 1 and 2 Pnewmococci Produced in Mice by 
the Injection of Pneumococcal Species Antigen Prepared from Type 1 and 
from Type 2. 


Mice receiving one injection of 0°3 c.c. of pneumococcal 


Test doses of nisi ee a nee ee Control mice (un- 


pneumococci. Type 1 and tested with— Type 2 and tested with— treated) 

—__—. —_ both types. 
Type l. Type 2. Type 1. Type 2. 

10 organisms . Ss S : Ss S D 

10? ; 8 S ‘ ; D 

108 ‘ s 8 ; ‘ D 

104 ‘ 8 S ‘ : —_ 

105 . S D3 - ‘ — 


S = survival; D = death. The number following indicates survival time in days after injection 
of test dose. 


TaBLeE II.—The Immunity to Type 3 and to the Group 4 Strain Pneumococci 
Produced in Mice by the Injection of the Homologous Type Vaccines and by 
Pneumococcal Species Antigen Prepared from Type 1 Pneumococci. 


Mice receiving two injections (0°3 c.c. and 0°5 c.c.) of— 
RL SE Tah RRR NR 


: : Pneumococcal species Control mice 
Test doses of Type 3 vaccine Group 4 vaccine antigen prepared from (untreated), 
pneumococci. and tested with and tested with ype 1 and tested with both types. 


Type 3. Group 4. —"—_——_—. 
Type 3. Group 4. 
8 


10 organisms . s 
10? S 
108 ‘ Ss 
104 . D1 
105 D2 
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therefore, rather better protection to the homologous type organism than to 
the heterologous types. On the other hand, a species antigen preparation 
made from Type 3 pneumococci gave better protection against Type 1 organisms 
than against Type 3 (Table ITI), due to the fact that it is easier to immunize 
against Type 1 than against Type 3, both with the homologous type vaccines 
and with species antigen preparations. 


TaB Ee III.—The Immunity to Types 1 and 3 Pneumococci Produced by the Injec- 
tion of Pneumococcal Species Antigen Prepared from Type 3 Pneumococci. 
Mice receiving one injection of 0°3 c.c. 


of pneumococcal species antigen pre- Control mice (un- 
pared from Type 3 and tested with— treated), both 
oss FN 


types. 


Test doses of 
pneumococci. 


Type l. Type 3. 
S 


10 organisms : S . D 
10? ; S 8 D 
10 ; D2 D1 : D 
104 ; 8 D2 . — 
10° : D2 D1 ‘ — 


The Effect of Various Agents on the Immunizing Power of Pneumococcal Antigen 
Preparations in Mice. 

Adsorption to serum globulin.—It was found that the whole of the immuniz- 
ing substance could be removed from solutions of species antigen by adsorption 
to globulin. Species antigen solutions (from Types 1 and 2 pneumococci), 
prepared by method B, were divided into two portions. One part was mixed 
with an equal volume of saturated solution of ammonium sulphate; the 
mixture remained clear ; a few drops of serum were added and the precipitate 
of globulin collected by centrifuge and redissolved in saline equal in volume 
to that of the original solution. The dissolved adsorbates and control un- 
treated species antigen solutions, in equal doses, produced the same degree of 
cross-immunity in mice. 

Precipitation of the immunizing substance with acetone. —Species antigen 
solutions were mixed with 4 volumes of acetone and placed in the refrigerator 
overnight. The very small precipitates were collected by centrifuge, dried 
and dissolved in saline of volume equal to that of the original solution. The 
dissolved precipitates and control species antigen solutions, in equal doses, 
produced the same degree of immunity in mice, hence the whole of the species 
antigen had been precipitated by the acetone. 

Acid and alkali at 100° C.—Solutions of species antigen, acidified to pH 3 
and heated to 100° C. for 20 minutes, retained their immunizing properties 
for mice, but were inactivated by alkali (pH 12) under these conditions. 

The action of alkali at 37° C.—It was found that the immunizing power of 
species antigen solutions, alkalinized to pH 8-5 and incubated at 37° C. for 
12 hours, was not diminished, but was rather improved. This result led to 
the employment of longer times of incubation in the preparation of species 
antigen employed in method c.. Table IV gives the results obtained by this 
method, compared with control unincubated acid suspensions of Type 1 
pneumococci : 
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TaBLE [IV —The Immunity to Types 1 and 2 Pneumococci Produced in Mice 
by the Injection of Pneumococcal Species Antigen Prepared from Type 1 
by Method co, and by Control Unincubated Acid Suspension of Type 1 
(Neutralized). 


Mice receiving one injection of 0°3 c.c. of Type 1— 
NN 


Test doses Acid suspension Species antigen Controls 
of unincubated, and prepared by method o, (untreated), 
pneumococci. tested with— and tested with— both types. 


Ty e 2. 


Type l. Ty 
10 organisms S 
10? . S 
108 8 
104 S 
105 8 


pe l. 
8 
S 
8 
S 
S 


D 


Keeping qualities of species antigen preparations.—Two preparations stored 
at 5° C. for 4 and 8 months respectively retained their full immunizing value 
(the reaction of the preparations was pH 5-5-5). 


DISCUSSION. 


The above experiments demonstrate that when solutions of pneumococcal 
type-specific antigens (prepared by allowing pneumococci to undergo partial 
autolysis in acid saline, or by extracting the organisms with dilute acid at 60° C.) 
are rendered alkaline and incubated at 37° C., the immunizing properties of the 
solution for mice are altered. The injection of pneumococcal type-specific 
antigen solutions or of heat-killed vaccines in mice produces an immunity to 
the homologous type of organism only. The injection in mice of solutions 
of type-specific antigen solutions which have been made alkaline and incubated 
at 37° C. produces an immunity not only to the homologous type of organism, 
but also to the heterologous types. It seems probable that this change of 
antigenic properties is due to an alteration in structure of the type-specific 
antigen, possibly of the nature of a hydrolysis. 

The hypothesis offered by Day (1933) is that the type-specific antigens of 
the various types of pneumococci are composed of two parts—(A) a type-specific 
(haptene) element, linked to (B) an antigenic (toxophore) group. The anti- 
genic element is common to all the type-specific antigens, being linked to 
different type-specific groups in the varied serological types. By the action 
of pneumococcal enzymes on the type-specific antigen the latter is dissociated 
into type-specific material (non-antigenic) and the antigenic element. This 
antigenic element produces an immunity to all types of virulent pneumococci, 
and is believed to be the antigen obtained by him from the type-specific 
antigen of pneumococci. He has designated this antigen “‘ pneumococcal 
species antigen’. Day was of the opinion that the production of species 
antigen from the type-specific antigen was brought about by the action of 
pneumococcal enzymes. It has been shown above that a similar change can 
be produced by the action of alkali alone. The foregoing experiments confirm 
the work of Day that pneumococcal species antigen preparations produce in 
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mice an immunity to virulent pneumococci generally. In conclusion, there is 
little need to emphasize the importance of Day’s discovery to the science of 
immunology, or the hope it affords of removing the bugbear of type-specificity 
from the present methods of immunizing man against bacterial diseases. 


SUMMARY. 

When solutions of pneumococcal type-specific antigens are made alkaline 
and heated to 37° C., their injection into mice produces an immunity to the 
homologous and heterologous types of living pneumococci alike. This new 
antigen is believed to be a product of the type-specific antigen, which is 
dissociated by the action of alkali into an antigenic element and non- 
antigenic type-specific material. This free antigenic element is common to 
the type-specific antigens of all virulent pneumococci ; it has been designated 
““ pneumococcal species antigen ”’ (Day). 


I wish to express my gratitude to Prof. H. B. Day, of the School of Medicine, 
University of Cairo, for his encouragement and valuable advice and for the 
cultures used in this investigation. I wish also to thank Dr. John Freeman, 
Director of the Asthma Clinic, St. Mary’s Hospital, for his advice and criticism, 
and the Asthma Research Council for a research grant. 
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DuRING the last few years numerous attempts have been made to establish 
by serological methods the etiological sigr*“ cance of streptococci in the patho- 
genesis of rheumatic diseases. Most «. che authors (Cecil, Nicholls and 
Stainsby, 1931 ; Dawson, Olmstead and Boots, 1932 ; Gray, Fendrick and Gower, 
1932; Clawson et alii, 1932; Keefer, Myers and Oppel, 1933) used for this 
purpose the agglutination reaction, which they found positive in a large number 
of rheumatic cases. Todd (1932) and Myers and Keefer (1934) have demon- 
strated the value of the examination of the antistreptolysins. Recently 
Tillet and Garner (1933, 1934), followed by Hadfield, Magee and Perry (1934), 
suggested the examination of the antifibrinolysin (an antibody directed against 
the lytic power of hemolytic streptococci on human fibrinogen) in the blood 
of rheumatic cases. There are also reports on the complement-fixation re- 
action with the serum of rheumatic cases, Coburn and Pauli (1932), using a 
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nucleo-protein antigen from streptococci, found this reaction positive in varying 
degrees in all active cases of rheumatic fever, whilst it was only occasionally 
positive (but sometimes strongly) in the quiescent stages of the disease. 

In order to throw further light on the subject we investigated the value of 
the complement-fixation reaction, using a lipoid streptococcal antigen which, 
with one of us (Beck, 1932), had given satisfactory results. 

The existence of specific antibodies to the lipoids of streptococci was 
demonstrated by Gundel and Witebsky (1930), whose technique we used for 
the preparation of the antigen. 


TECHNIQUE. 


In view of the great serological diversity of the streptococci we considered 
it necessary to examine each serum with several antigens prepared from different 
strains. These had been isolated from the throat swabs of rheumatic cases 
(acute and subacute stages, preferably from patients just recovering from the 
acute stage) or chronic cases of tonsillitis. 

Eleven patients were examined. All cultures showed a profuse growth of 
green-producing streptococci. Five of the eleven cases also yielded hemolytic 
streptococci. Both hemolytic and green-producing strains were used. Each 
strain was grown in 1 p.c. glucose broth (Martin) for 24 hours. The cultures 
were heated to 60° C. for one hour and then centrifuged. To the deposit 
20 times its volume of 96 p.c. alcohol was added and the mixture allowed to 
extract for 4 days at 37°C., the suspension being shaken several times each 
day. The extract was then filtered and stored in the refrigerator. Each 
antigen was derived from a single strain of streptococcus. 

Each extract was examined before use to determine the highest concen- 
tration which showed no anti-complementary effect; this was usually a 
dilution of 1 in 4, occasionally 1 in 5. The classical Wassermann technique 
was used, the volume of each reagent being 0-25.c.c. The amounts of antigen 
and complement remained constant, while the p::tient’s serum was tested in 
4 dilutions (1 in 1, 1 in 3, 1 in 6,1 in 9). The antigen was used in a dilution, 
usually 1 in 6 in-normal saline, occasionally 1 in 5. Each serum was tested 
with at least three or four different antigens, comprising both hemolytic and 
green-producing streptococci. 


Ww 


EXF “*MENTAL. 


As controls of the antigenic power of the extracts we used experimental 
sera prepared by immunizing rabbits with living streptococci.* The highest 


* The immunization with living streptococci gave us an opportunity of observing, in a few 
instances, the effect of experimental streptococcal infection of rabbits, which has so often been used 
by various observers for assuming the etiological réle of these organisms in rheumatic disease. In 
view of the small number of injected animals (11 in all) we merely report our observations without 
any interpretation. Only two animals (which were injected with the same strain—a green-growing 
streptococcus) showed any lesion which corresponded to the pathological changes usually found 
in rheumatic cases, namely, a vegetative endocarditis. This was seen in one case affecting both the 
mitral and tricuspid valves, and in the other the tricuspid valve only. The histological examinations 
of the hearts of these, and of the other animals, were carried out by Dr. Bables, of the Pasteur Institute, 
Paris, to whom we are much indebted. In no instance was he able to demonstrate any Aschoff 
bodies. None of the joints showed any macroscopical lesions. 
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titre reached with such sera was 1 in 240. With the experimental rabbit 
sera varying intensities of reaction with the different antigens were obtained, 
the reaction usually being much stronger with the homologous antigen than 
with the heterologous antigens. It was shown that with human sera, how- 
ever, each antigen showed practically the same degree of reaction. Similarly, 
an antigen derived from an American strain of a scarlet fever streptococcus 
behaved in the same manner as the antigens made with organisms from 
rheumatic patients. 


Complement-Fixation Tests of Sera from Rheumatic Patients. 


We examined the sera of 79 rheumatic patients classified clinically as 
under : : 

Group 1 comprises cases in which the patient’s history or the clinical 
findings indicate that the rheumatic condition is probably of streptococcal 
origin. 

Group 2: No relationship to a streptococcal source could be found. 

The results of our complement-fixation tests on all these sera are summarized 
in Table I. 


TaBLE I.—Showing the Results of Complement-fixation Tests on Sera from 79 
Rheumatic Patients. 


Group 1.—Cases with a Probable Connection with Streptococcal Infection. 


Acute articular rheumatism . 4cases . 2 positive (1 in 3, and 1 in 9 
respectively) .* 
ee se mn 5 . All negative. 
(atypical or of doubtful 
diagnosis) 
Periarthritis, arthralgia, or . " BC 
neuralgia 
Vertebral rheumatism, appa- . ; . 1 positive (zone phenomenon : 
rently of pharyngeal origin 1 in 3 negative, 1 in 6 nega- 
tive, 1 in 9 positive). 
Acute polyarthritis, following . . 1 positive (1 in 9). 
or accompanying angina 
Subacute or chronic polyar- 
thritis 
Monoarthritis, with angina or 
other focal infections 
Progressive chronic polyar- . . 1 positive (zone phenomenon: 
thritis 1 in 1 negative, 1 in 3 posi- 
tive, 1 in 6 positive). 
Oligo-arthritis, with angina or . . All negative. 
other focal infections 


* The figures 1 in 3, 1 in 9, etc., in this column show the highest dilution of serum in which a 
positive result was obtained. 
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TABLE I—continued. 
Group 2.—Cases without Evident Association with Streptococcal Infection. 


Acute articular pseudo-rheu- . Ilcase . Negative. 
matism of tuberculous origin 

Spondylitis . i - 2cases. és 

Subacute polyarthritis : ; lease. ms 

Progressive chronic polyar- . llcases . All negative. 
arthritis 

Oligo-arthritis . 

Monoarthritis . 

Arthralgia and neuralgia 

Fibrous rheumatism . : 

Polysynovitis in a tuberculous 
patient 

Arthritis . : : ; . 3 cases 

Gout ; : ; 3 : Ee 


It will be seen that only among the cases of Group 1 were positive reactions 
obtained (7 out of 44). The sera derived from patients without any clinical 
evidence of a streptococcal infection were all negative. 

In some of the positive cases a zone phenomenon was observed, the reaction 
being negative with concentrated serum, but positive with diluted serum. 
Such phenomena may occur also in complement-fixation tests with other 
antigens, for instance in the Wassermann reaction for syphilis, and may be 
considered as a sign of a weak antibody content of the serum (Eagle, 1931). 

In order to confirm the specificity of the positive reactions, we examined 
each positive serum (using the same technique) also with a lipoid antigen 
prepared from B. coli and Staphylococcus aureus in the same manner as the 
streptococcal antigen. To exclude false positive reactions due to a partial 
antigenic relationship between streptococcal lipoid antigens and syphilitic 
and tuberculous lipoid antigens, each serum was also tested for the tuberculous 
and syphilitic complement-fixation reaction. None of the cases with a positive 
streptococcal reaction gave a positive reaction either with the B. coli and 
Staphylococcus aureus antigens, or with the tuberculous and syphilitic antigens. 

It may be mentioned that we found the tuberculous complement-fixation 
reaction strongly positive in three cases (all cases of the second group), 
moderately strong in three cases, and weakly positive in two cases. 


Complement-fixation Tests of Sera from Non-Rheumatic Patients. 


We examined a number of control human sera with the streptococcal 
antigen. Some (Group 3) were derived from patients suffering or convalescent 
from a definite streptococcal infection (3 sera from erysipelas patients and 4 
sera from scarlet fever convalescents), while others (Group 4) were obtained 
from patients without evidence of streptococcal infection (46 sera). Group 4 
comprised : 

2 sera of ayphilitice: 
5 sera of general paralytics, with positive Wassermann reaction. 
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10 sera from pregnancy. 
11 - tuberculosis. 

2 -" carcinoma. 

1 serum from typhoid fever. 

11 sera from mental diseases (not syphilitic). 

3 sera, experimental anti-tuberculosis (from rabbit 2 samples, and 

horse 1 sample). 
1 serum from horse (experimental anti-plague). 


From the 7 sera of the Group 3 only one, derived from a scarlet fever case, 
gave a positive reaction (up to a dilution of serum of 1 in 9), thus indicating 
the relatively weak sensitivity of the reaction, even with definite streptococcal 
infections. 

For Group 4, as will be seen from the list, we specially chose sera which 
are known sometimes to give non-specific reactions with lipoid antigens either 
by their lability (sera of pregnancy, tumours, acute infective diseases), or by 
an overlapping of their specific anti-lipoid antibodies with other non-specific 
lipoids (syphilitic and tuberculous sera). It is not surprising, therefore, that 
some of them gave a positive reaction with the streptococcal antigen, 7. e. 2 
sera from pregnancy cases, 3 sera from tuberculous patients, and 2 experimental 
anti-tuberculous sera, both of which showed a very high titre with a tuber- 
culous lipoid antigen. All the other sera were negative. 

It follows from these observations that with the complement-fixation test 
with streptococcal lipoids the same precautionary measures must be taken as 
with tuberculous and syphilitic complement-fixation tests. If this is done, 
and if all possibility of overlapping (tuberculous or syphilitic) lipoid reaction 
is excluded, a positive streptococcal complement-fixation may be considered 
as a true sign of a streptococcal infection. 


SUMMARY. 


Complement-fixation tests have been made on 79 sera from rheumatic 
cases and on 53 control sera. A number of the former group gave positive 
reactions with streptococcal lipoid antigens, and failed to react with lipoid 
antigens of other bacteria or with tuberculous and syphilitic lipoid antigens. 
Examinations of the control sera showed that tuberculous sera and sera of 
pregnancy often react with streptococcal lipoid antigens. Therefore in assess- 
ing the significance of positive streptococcal reactions these conditions must 
be excluded. 

The positive reaction with a streptococcal antigen has been observed only 
in those cases of rheumatic disease in which clinically a connection with strepto- 
coccal infections was probable. But even in these cases, and also in acute 
streptococcal infections (scarlet fever, erysipelas), the percentage of positive 
reactions is not high (7 positive reactions out of 44 rheumatic sera). We think 
that the sensitiveness of the reaction is not yet optimal, and we are now trying 
to increase it. If this can be done it may be possible to determine whether 
rheumatic disease is of streptococcal or other origin. 
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THE object of the experiments described in this communication was to 
compare the action of acetone, of beta-oxybutyric acid and of aceto-acetic 
acid upon the heart muscle and upon the coronary circulation. The substances 
to be tested were administered singly or together in various proportions, and 
in some experiments the blood-sugar concentration was raised in order to 
imitate the diabetic conditions. The ketone bodies and the sugar were used 
in concentrations which were reported in the literature as being present in 
mild and severe forms of diabetes, and also in concentrations which were 
considerably above those found in human diabetes. 

Magnus Levy (1908) found 0-16 p.c. of acetone-like substances and 0-22 p.c. 
of beta-oxybutyric acid in the blood during diabetic coma. Moore (1916) 
reports figures between 0:0013 p.c. and 0-1836 p.c. of total ketone bodies, 
while Widmark (1919) found in cases of severe diabetes concentrations as 
high as 0-334 p.c. Van Slyke and Fitz (1917) state that in normal individuals 
the ketone bodies are present in the blood in concentrations of the order of 
1 mg. per 100 ¢.c. In diabetic cases which are kept under control it. rises to 
about 0-040 p.c., and in cases which are not under a dietetic and insulin control 
concentrations as high as 0-250 p.c. and even 0-368 p.c. occur. 
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Although it is generally recognized (Tunnicliffe and Rosenheim, 1903) that 
ketone bodies exert a weakening effect on the heart, no systematic investi- 
gation has been made in order to analyse their action and to determine their 
relative toxicity. Most previous observers concerned themselves mainly with 
the determination of the lethal dose of the ketones when injected intravenously 
or given to inhale. The last contribution of this kind was made by Schlomo- 
vitz and Seybold (1924), who give a full account of the previous literature. 
These authors state that the various functions of the animal are depressed 
by acetone in the following order : the respiratory centre, the heart, and then 
the vasomotor centre. From the point of view of clinical pathology it is of 
greater importance to know the minimal effective concentrations of the ketones 
rather than their lethal doses. 

The experiments described here were made on heart-lung preparations 
from dogs. They deal therefore only with the direct action of the ketones 
on the heart muscle, and are not concerned with any possible indirect effect 
on the heart through the central nervous system or through glands of internal 
secretion. Dogs weighing 6 to 10 kg. were used. The larger animals served 
for experiments on the coronary circulation. The animals were anesthetized 
with chloralose 0-08 g. per kg. The heart-lung preparations were made in 
the usual manner as described by Starling and his co-workers. All the 
chemicals used in these experiments were obtained from Kahlbaum. 


THE ACTION OF ACETONE. 


Acetone was introduced into the venous reservoir of the heart-lung prepara- 
tion in a 10 or 50 p.c. solution in phosphate buffered Ringer solution of pH 7-5. 
The administration was made gradually with vigorous shaking of the reservoir 
so as to obtain rapidly a uniform mixture, and to avoid the entry of the 
substance into the heart in a somewhat more concentrated form immediately 
after administration. The amount of blood in the circulation was calculated 
at the end of each experiment from the degree of dilution produced by addition 
of 200 c.c. of Ringer solution. The dilution was determined by comparing 
the hemoglobin concentration before and three minutes after the injection 
of the Ringer solution. The actual concentration of the acetone in the blood 
during the different phases of an experiment was then calculated. In some 
experiments in order to verify this calculated concentration the acetone was 
estimated chemically by the hypoiodide method. The results of these deter- 
minations compared satisfactorily with the figures arrived at by calculation. 
All the chemical estimations of acetone were made by Mr. K. M. Daoud, of the 
Biochemical Laboratory. I should like to take this opportunity of expressing 
my sincere gratitude to him for his help. 


The Cardiac Volume. 


The volume of the two ventricles or of the whole heart was measured with 
the help of a glass cardiometer and of a large piston recorder. In the first 
case the ventricles were introduced into the cardiometer through a hole in the 
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rubber membrane covering its opening; in the second case the cardiometer 
was tied into the pericardium as near to the base of the heart as possible. 
The acetone solution was usually administered in small doses at intervals of a 
few minutes until the first change of heart volume was noticed. Some time 
was then allowed to elapse in order to see whether a spontaneous recovery 
of the heart volume would take place. More acetone was then added. In 
some experiments, after administration of further amounts of acetone the 
whole blood circulating in the heart-lung preparation was replaced by fresh 
blood, and the extent of the following recovery was recorded. 


Fic. 1.-—Effect of acetone on the heart volume. The concentrations of acetone in the circu- 
lation are given at the bottom of the tracing in mg. per 100 c.c. The first tracing shows 
the effect of the second dose of acetone, the first dose being one of 70 mg. per 100 c.c. The 
last record shows an acute cardiac failure accompanied by a drop of the arterial blood- 
pressure. The calibration of the volume recorder is given on the left of the figure. Intervals 
between the records are of 10 to 15 minutes. Time in 10 secs. 


A dilatation of the heart is first observed when the concentration of acetone 
reaches 25-40 mg. per 100 c.c. The larger the work of the heart the smaller 
was the dose required to produce an effect. With these minimal concentrations 
the dilatation is of the order of 2-3 c.c. for a heart weighing 40-50 g. As the 
concentration of acetone is increased the dilatation of the heart becomes more 
conspicuous. Concentrations of 250-350 mg. cause a dilatation of 15-25 c.c., 
and with concentrations of 800-900 mg. acute cardiac failure takes place 
(Fig. 1). When the cardiac contractions are exceptionally strong, the heart, 
although very dilated, can withstand concentrations even somewhat greater 
than 1-0 p.c. The heart-rate is hardly changed by acetone. In some experi- 
ments a slowing of the heart was noticed during the period of development 
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of the dilatation; this was usually followed by a small acceleration. These 
changes of the heart-rate never exceeded ten beats per minute. 

On administration of acetone the maximal dilatation of the heart for the 
given concentration is reached rapidly, and so long as the acetone is in the 
circulation the cardiac volume shows hardly any sign of a spontaneous recovery. 
It must be remembered, however, that in the heart-lung preparation a gradual 
elimination of acetone is taking place through evaporation from the lungs, and 
from the exposed surfaces of the tissues and of the blood. This elimination is 
slow, nevertheless the concentration of acetone in the blood progressively 
diminishes as the experiment continues. For example, in one experiment the 
initial concentration of 230 mg. per 100‘c.c. diminished after an hour to 185 mg., 
and after another hour to 135mg. With the fall of the concentration of acetone 
in the blood the heart volume also slowly diminishes. Neglecting this there is 


a 


Fie. 2.—(a) Effect of 250 mg. per 100 c.c. of acetone on the heart volume and the right 
auricular pressure. The output of the heart decreased from 650 c.c. to 120 c.c. per minute, 
then rapidly recovered. (b) Taken 25 minutes later. The heart volume shows no recovery : 
the output increased to 580 c.c. per minute. (c) Taken 15 minutes later. Recovery of the 
heart volume and of the venous pressure on replacing the acetone-containing blood by 
fresh blood. Output 690 c.c. per minute. The base line of the venous pressure has been 
shifted upwards 7 mm. Time recorded in intervals of 10 secs. On the left calibration of 
the venous pressure in mm. H,0. 


no obvious recovery during an experiment. This holds good for moderate 
as well as for large doses of acetone. The weakening of the heart of which its 
dilatation is a measure is not, however, the result of some irreparable damage 
produced by acetone. Replacement of the circulating blood by acetone-free 
blood leads to a rapid and complete recovery of heart volume, irrespective of 
the extent of the previous dilatation, unless the concentration of the acetone 
was such as to have caused a prolonged acute failure of the heart (Fig. 2). 


The Systemic Output and the Changes in the Blood-Pressure. 


At a constant arterial resistance and venous inflow dilatation of the heart 
is a sign of a weakened myocardium. Within certain limits the weakening 
of the heart is not necessarily accompanied by a diminution of the work 
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performed by it. The same work is carried out at the expense of an increased 
diastolic volume (Starling and Visscher, 1926). As the weakening of the heart 
increases it becomes unable to perform the given amount of work. The 
intraventricular diastolic pressure rises, and as a result of this the right and 
left auricular pressures as well as the pulmonary arterial pressure also increase. 
With small doses of acetone the rise of the venous and the pulmonary pressures 
as well as the diminution of the cardiac output last only during the time that 
the heart takes to reach a new steady volume. After this the pressures and 
the output rapidly return to about their previous levels. With an increase 
of the dose the return of the pressures to normal is incomplete and the output 
remains diminished. The systemic arterial pressure is affected only by very 
large doses of acetone (Fig. 1). Replacement of the blood by fresh blood 
leads to a rapid return of all the pressures and of the output of the heart to 
normal. The following experiment may serve as an example: The output 
of the heart before the administration of the acetone was 720 c.c. per minute ; 
on addition of acetone up to a concentration of 100 mg. per 100 c.c. the output 
abruptly fell to 520 c.c., and then gradually recovered to 670 c.c. On increasing 
the concentration to about 360 mg. the output dropped to 80 c.c., and very 
gradually within fifteen minutes recovered to 350 c.c. per minute. 


The Coronary Circulation. 


The outflow of blood from the coronary sinus was measured with the help: 
of a Morawitz’s cannula. Small concentrations of acetone of 50-60 mg. per 
100 c.c. produce only a transient increase of the coronary blood-flow. Concen- 
trations of 200-300 mg. cause a more considerable and more lasting increase, 
and with concentrations of 500-600 mg. the coronary blood-flow may be more 
than doubled. The behaviour of the coronary blood-flow differs from that of 
the heart volume in that replacement of the acetone-containing blood by 
fresh blood does not bring about a rapid return of the coronary blood-flow to 
normal. It diminishes but very gradually. It is therefore obvious that the 
changes in the heart-beat and in the heart volume cannot be the cause of the 
increased coronary blood-flow produced by acetone. While the heart, on 
changing the blood, invariably and rapidly returns to its original volume, 
the coronary blood-flow remains increased to the end of the experiment. The 
following observations may serve as an example: The outflow from the 
coronary sinus was 30 c.c. per minute. On administration of acetone to make 
a concentration of 50 mg. per 100 c.c. the blood-flow increased-to 35 c.c., and 
within a few minutes returned to its original volume. In another experiment 
a concentration of 300 mg. increased the blood-flow from 41-3 to 75 ¢.c. per 
minute. Ten minutes later the flow diminished to 60 c.c. On increasing the 
concentration of acetone to about 600 mg. the coronary blood-flow increased 
to 133 c.c. per minute. In five minutes it dropped to 120 c.c. and did not 
change any further. The whole circulating blood was then replaced by fresh 
blood. The coronary blood-flow after some fluctuations which usually follow 
administration of fresh blood remained unchanged at 115-120 c.c. per minute. 
Twenty minutes later it was 90-95 c.c., at which level it remained till the end 
of the experiment. 
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The Influence of Various Conditions wpon the Action of Acetone. 


The blood circulating in an ordinary heart-lung preparation which is 
ventilated with room air is to a considerable extent deprived of carbonic acid, 
and is therefore of an abnormally low hydrogen ion concentration. It was 
considered advisable to test if addition of carbon dioxide to the respiratory 
air would produce any change in the action of acetone upon the heart, or would 
modify the minimal effective concentration of acetone. This was not found 
to be the case. The weakening action of the carbon dioxide administered in 
concentrations of 1 to 5 p.c. was simply added to the weakening action of 
acetone. 

The ketosis of the diabetic may be accompanied by hypergiycemia. 
Glucose, as known from the literature, exerts a strengthening effect on the 
heart. It is therefore possible that the minimal dose of acetone which is 
necessary to produce the first sign of cardiac dilatation would be somewhat 
larger in the presence of a high blood-sugar concentration, and that the damaging 
effect of acetone would be to some extent antagonized by the strengthening 
effect of the sugar. It was found, however, that the action of acetone remained 
unchanged in the presence of blood-sugar concentrations which were even 
considerably above those usually found in ordinary cases of diabetes. It was 
necessary to raise the blood-sugar concentration to above 500 mg. per 100 c.c. 
before any strengthening effect and increased resistance of the heart to acetone 
were observed. 

Administration of insulin in the presence or absence of increased blood-sugar 
concentration failed to antagonize the action of acetone. The heart volume, 
which was increased as a result of addition of acetone did not show any greater 
tendency to return to normal in the presence of moderate amounts of insulin 
(1-2 units). Large doses of insulin (10-20 units) produced an adrenaline-like 
strengthening and acceleration of the heart. This cannot, however, be 
considered as a specific action antagonizing the toxic effect of acetone. 


THE ACTION OF BETA-OXYBUTYRIC ACID. 


It is important to distinguish between any possible specific action of beta- 
oxybutyric acid on the heart and the action which it may exert in virtue of 
its acidic properties. Administration of a saline solution of the acid causes 
cardiac dilatation, accompanied by all the signs of a myocardial weakening. 
This effect is, however, abolished by neutralization of the acid, or by dissolving 
it in a phosphate Ringer solution of pH 7-5. Administration of its sodium 
salt even in comparatively large doses has no effect either on the heart volume 
or on the venous pressure. In some experiments sodium beta-oxybutyrate 
produced a small diminution of the heart volume, which was most probably 
due to the alkalinity of the salt. Although the effect of the acid on the heart 
muscle is abolished by neutralization, it still, even when neutralized, exerts in 
large doses some influence on the coronary circulation. Concentrations above 
300: mg. per 100 c.c. cause a small increase of the outflow of blood from the 
coronary sinus. For example, in one experiment the outflow increased from 
35 to 44 c.c. per minute, in another from 45 to 57 c.c. per minute. 
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Administration of acetone in the presence of even large concentrations of 
sodium beta-oxybutyrate has. no greater effect upon the heart than when 
acetone is used alone. 


THE ACTION OF ACETO-ACETIC ACID. 


Ethyl aceto-acetate was used in all the experiments. The substance was 
administered in a 5 p.c. solution in a phosphate Ringer of pH 7:5. Ethyl 
aceto-acetate was found to be 15 to 20 times more toxic than acetone. Com- 
parative determinations show that the minimal effective concentration of 
ethyl aceto-acetate is of the order of 2-3 mg. per 100 c.c., while that of acetone 
is about 25-40 mg. The action of ethyl aceto-acetate cannot be ascribed to 
its ethyl component, since addition to the circulating blood of ethyl alcohol in 


Fie. 3.—(a) Effect of administration of ethyl aceto-acetate on the heart volume; concen- 
tration 10 mg. per 100 c.c. The heart recovers from the dilatation in about 5 minutes. 
(b) Effect of acetone ; concentration 150 mg. per 100 c.c.- The heart shows no recovery. 
The dilatation is in both cases approximately equal, showing that the aceto-acetic acid is 
about 15 times more toxic than acetone. The blood was changed between the two records. 
The interval between the two injections was 15 minutes. The same dose of ethyl aceto- 
acetate was administered a second time after the replacement of the acetone-containing 
blood. The record obtained was very similar to the tracing (a) of this figure. Time 
recorded in intervals of 5 secs. 


doses treble the effective amounts of ethyl aceto-acetate produces no change 
of the heart volume. This is also supported by the experiments of Sulzer 
(1924), who found a cardiac dilatation to occur in the heart-lung. preparation 
only with concentrations of alcohol above 0:1 p.c. 

In its main aspects the action of the ethyl aceto-acetate on the heart is 
similar to that. of acetone. There are,. however, some points of. difference. 
While acetone produces an increase of the heart volume which remains almost 
unchanged unless the circulating blood is replaced with acetone-free_ blood, 
ethyl aceto-acetate’ produces a. dilatation which gradually and more or less 
rapidly disappears. The rate of this recovery depends on the dose adminis- 
tered. With small doses the recovery may be complete in 4-5 minutes. With 
larger doses it is progressively slower, and with very. large doses. the recovery 
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did not seem to be apparent within the duration of the experiment. Repeated 
administrations of small doses are each followed at first by an equal dilatation 
of the heart, and by an equally rapid recovery. Soon, however, the dilatation 
becomes more pronounced and the recovery less complete. Finally the 
recovery becomes hardly noticeable. 

It is difficult to give an explanation of this peculiar difference between the 
action of aceto-acetic acid and of acetone. It is hardly likely that the heart 
itself develops so rapidly a resistance to this substance. It is more likely that 
the small doses of the aceto-acetic acid necessary to affect the heart muscle may 
possibly be transformed into a less toxic substance, e.g. acetone. At any rate, 
after aceto-acetic acid has been injected into the heart-lung preparation there 
is always a considerable elimination of acetone taking place from the lungs. 

The effect of aceto-acetic acid upon the heart volume is not changed by 
the presence of acetone in the circulating blood, except that it is displayed on 
an already somewhat dilated heart. An excess of sugar in the blood and 
administration of insulin had no obvious effect on the dilatation of the heart 
produced by aceto-acetic acid, or on the rate of the recovery of the heart 
volume after administration of small doses. 

The output of the heart and the venous pressure are not appreciably 
affected by small doses of aceto-acetic acid. The outflow of blood from the 
coronary sinus is increased, but in contrast with its behaviour under the 
influence of acetone the coronary blood-flow rapidly returns to normal, approxi- 
mately following the recovery of the heart volume. With concentrations of 
5-6 mg. per 100 c.c. the coronary blood-flow increases only by about 10-20 p.c., 
and in a few minutes it returns to normal. 


The heart-rate is unchanged with small doses and becomes somewhat 
slower with large doses of aceto-acetic acid. These changes do not exceed 
five to ten beats per minute. 


SUMMARY. 


1. The action of the ketone bodies present in diabetes on the heart muscle 
was compared, and their minimal effective doses were determined. 

2. Acetone and aceto-acetic acid produce a weakening of the heart, as 
evidenced by the cardiac dilatation and the rise of the venous and pulmonary 
pressures. 

3. The toxicity of aceto-acetic acid is about 15-20 times greater than that 
of acetone. The minimal effective concentration of aceto-acetic acid is 2-3 mg. 
per 100 c.c., and that of acetone 25-40 mg. 

4. The weakening effect of acetone remains unchanged so long as the 
acetone remains in the circulation. On replacing the blood by acetone-free 
blood the heart recovers completely. The cardiac dilatation produced by 
small doses of aceto-acetic acid tends to disappear spontaneously. 

5. Beta-oxybutyric acid has no specific action on the heart up to concen- 
trations of 1-0 p.c. Its effects are entirely accounted for by the change in the 
acid-base equilibrium which the acid produces in the blood. 

6. The three ketone bodies produce an increase in the coronary blood-flow. 
This effect is, however, negligible unless the concentration of these substances 
in the blood is very high. 
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7. Administration of glucose and of insulin does not modify the action of 
these three substances on the heart muscle. 


I wish to express my thanks to Prof. G. V. Anrep, F.R.S., for suggesting 
this research, and for the constant help and advice which he gave me during 
my experiments. 
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THE importance of a suitable method of assaying the anti-anzemic potency 
of substances used in the treatment of pernicious anemia will be apparent 
when it is realized that at the present time the only safe and satisfactory one 
is the clinical test. 

This, however, requires the use of carefully-chosen uncomplicated cases of 
pernicious anzmia in relapse, and these patients must conform to certain 
definite, rather rigid criteria if the tests are to be of value (Wilkinson, 1932 : 
1933). Consequently, the limited number of test subjects available must of 
necessity mean that at least some commercial liver and stomach products are 
being offered for use as anti-anzemic remedies at the present time without 
being adequately tested for their hemopoietic potencies. While we are not 
primarily concerned here with the ethics of the sale of inactive products for 
the treatment of such a severe condition as pernicious anemia, it is of paramount 
importance that activity should be guaranteed in preparations intended for 
parenteral use, since these latter are used in the treatment of extremely ill 
cases. 

In recent years many efforts have been made to substitute laboratory or 
experimental tests for the clinical method of assay, but the results have not 
been entirely satisfactory (Edmunds, Brueckner and Fritzell, 1933 ; Heimann, 
Connery and Goldwater, 1934; Vaughan, Muller and Zetzel, 1930; Wills, 
1932), 
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Duesberg and Koll (1931), however, have described a method in which 
they state that the production of methemoglobin, when the liver extract under 
test is mixed with a solution of hemoglobin, indicates the presence of the 
anti-anemic principle in that liver extract. As a result, other workers (cp. 
Felix and Fruhwein, 1933) have tried to control their liver fractionations by 
means of this method, which they attempted to correlate with the clinical 
method. The clinical controls of both groups of workers were very inadequate 
and unsatisfactory. 

The experimental method employed by Duesberg and Koll consists -essen- 
tially of the spectroscopic examination of the liver extract under test after 
one hour’s incubation at 38° C. with hemolysed human red blood-corpuscles. 
The attractiveness of this simple procedure when contrasted with the clinical 
method of assay suggested the possibility of more rapid advances in our work 
on the chemical fractionation of liver products. At the same time it appeared 
possible that it might also be of assistance in controlling the hemopoietic 
activities of commercial preparations. 


COMPARISON OF METHAMOGLOBIN PRODUCTION AND RESULTS OF CLINICAL 
TESTS. 


Fortunately we were in a position to test the method quite easily, since 
we had in our possession a very large series of liver extracts, each of which 
had been clinically tested on many cases of pernicious anemia, and their 
potencies were therefore well known to us. Our liver extracts came from 
widely differing sources : some had been made in this department, others had 


been obtained from the various manufacturers. They comprised parenteral 
preparations for both intravenous and intramuscular use, as well as products 
for oral administration, but we have concerned ourselves here mainly with 
the former. 

We have examined a number of them according to the method of Duesberg 
anc. Koll (1931), as modified by Felix and Fruhwein (1933). Two c.c. of red 
blood-corpuscles, taken from a normal human subject, were washed four 
times with Ringer’s solution, centrifuged each time, hemolysed with 20 c.c. 
distilled water, and made up to 100 c.c. with a phosphate buffer solution of 
pH. 6-9. Nine c.c. of this were then mixed with 1-0 c.c. of the liver extract 
under examination, and placed in a water-bath at 38°C. for 60 minutes. At 
the end of this period the solution was examined spectroscopically for 
methemoglobin with a Hilger prism spectroscope (trikresol, present in some 
extracts, does not interfere with the test). 

Our results are briefly indicated in Table I; the hemopoietic activities as 
determined clinically by one of us according to the method previously described 
(Wilkinson, 1932; 1933) are shown alongside the anti-anzemic potencies 
indicated by the “‘ methemoglobin-production ’ method. On inspection, it is 
perfectly clear that there is no correlation whatsoever between hemopoietic 
activity as determined by the well-known reliable clinical method employing 
test cases of pernicious anemia, and the production of methemoglobin by the 
‘Duesberg and Koll method ; thus only 5 out of 30 hemopoietically active 
liver extracts were definitely able to produce methemoglobin (3 others being 
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very doubtful), while of 15 hemopoietically inactive extracts two showed 
methemoglobin production in marked amount. That is to say, according to 
the “methemoglobin ”’ method, 25 (83-3 p.c.) out of 30 known hemopoietically 
active extracts would have been considered to be deficient in the anti-anzemic 
principle and only 5 (16-6 p.c.) definitely shown to contain the liver principle, 
while 2 (13-3 p.c.) out of 15 hemopoietically inactive extracts would have 
been considered to contain the anti-anemic principle in considerable amount. 

A consideration of those fractions possessing the methemoglobin-producing 
factor shows that this property cannot easily be correlated with the method 
of their manufacture since, for example : 

(a) Of liver extracts E, F and G prepared by one firm, according to their 
own method, extract G alone gave a poor methemoglobin formation, but all 
three were equally rich in the anti-anzmic liver principle. 

(b) Liver extracts M and N were prepared according to the method used 
by another firm ; extract M was able to produce methemoglobin markedly 
although it did not contain the anti-anemic liver principle, while extract N, 
which was very potent hemopoietically, failed to form methzemoglobin. 

(c) Of liver extracts R, S and T, prepared by the method of a third firm, 
none possessed the property of forming methemoglobin, although extracts R 


TABLE I. 


Clinical test. 


Methemoglobin 
formation. 


Liver extract. Hemopoietic 


Administration. activity. 
Commercial Preparations. 
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TABLE I—continued. 


Clinical test. 
ee Methemoglobin 
nae : Hemopoietic formation. 
Administration. activity. 


Experimental Fractions. 
LI-1 . Intramuscular 
LI-12 
LI-14 
LI-19 


Liver extract. 


ot+++ 


13 
13—M2 
13-—M3 
13—M3a 
13—M4a 
13—M4c 
13-Cl 
13—Al 
13—A2 


M-1 

F2-47 
F2-61 

S$2-46 
S2-46h 
§2-71 
HC.1la-50 . 
ALC-50-5 . 
EX-4b 
BMD-1 
BMD-2 


coooot+o4t+4+4++ +°000044+4+4+ 


Blood or blood stroma \ Oral and 


oo 


Blood + trikresol intramuscular. 


and T were very rich indeed in anti-anemic liver principle, while extract S 
was deficient. 

(d) Of liver fraction 13 and its 8 subfractions shown in the table only 
fraction 13-M3A was capable of producing methemoglobin, although some 5 of 
them were hemopoietically potent. 

(e) Liver fractions F2-47 and F2-61 were prepared in closely similar 
manner ; both contained the anti-anemic liver principle, but the former was 
much more active in its methemoglobin-producing property. 

(f) Fractions S2-46 and S2-71 were also hemopoietically potent, but only 
the former was able to produce methemoglobin ; fraction S2-46h, prepared 
from S$2-46 (see below), was quite deficient in the anti-anzmic liver principle, 
but still possessed methzemoglobin-producing properties. 
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Thus, out of 45 preparations examined there were 7 that showed definite 
methzmoglobin-producing properties, while 3 were very doubtful; of the 
7, 5 (16-6 p.c.) were associated with hemopoietic activity, and 2 (13-3 p.c.) 
with hemopoietic impotency. 

It will be noticed that a number of the fractions shown in the table were 
derived from fraction 13, which, although hemopoietically very active, itself 
did not possess methzemoglobin-producing properties; most of the liver 
fractions prepared from it behaved similarly. It was surprising to find, 
however, that 1 fraction (13-M3A) possessed very strong methzemoglobin- 
producing properties. 

It was appreciated that further evidence as to the non-identity of the 
methzmoglobin-producing factor and the anti-anzemic liver principle would be 
the separation of the two factors from one another in one of the hemo- 
poietically-active fractions. Preliminary experiments showed that by heating 
at 120°C. in an autoclave for half to three quarters of an hour, the methemo- 
globin-producing properties of liver fractions G, H, M and S2-46 were destroyed. 
More conveniently a similar end could be attained by heating to 100° C. in a 
water-bath. 


TaBLE II.—Liver Fraction S2-46. 

Time of heating (minutes). Methemoglobin formation. 
10—60 . +++ 
70—145 ‘ ++ 

145—170 . + 
Over 170 ; 0 


Since the methemoglobin-producing factor can withstand 100° C. for 
nearly 3 hours, 16 c.c. of liver fraction S2-46 was heated at this temperature 
for 100 minutes and then cooled. The methzemoglobin-producing property 
was still present in marked amount. The remainder of the extract (S2—46h), 
equivalent to 15 c.c. (150 g. of fresh liver), was given intramuscularly to a 
patient with pernicious anemia and found to be hzemopoietically inactive, 
showing that the anti-anemic liver principle had been destroyed. Thus, the 
removal of anti-anemic potency from the liver extract leaving the methemo- 
globin-producing factor almost unaltered is in keeping with the findings 
described above and summarized in Table I. It is obvious, therefore, that the 
presence of both the anti-anemic liver principle and the methzemoglobin- 
producing factor in the same liver extract is but a coincidence, so far as one 
can judge from the present evidence, and neither can be taken as an indication 
of the presence of the other in any extract. It would not be surprising to 
find in the earlier stages of liver purification both the anti-anzmic principle, 
and, amongst many other substances, one capable of oxidizing oxyhemoglobin. 
In the more highly purified fractions, however, their simultaneous occurrence 
would be less expected, and therefore cannot be relied upon as the basis for a 
laboratory test for the anti-anemic principle. 

While it is not impossible that the methemoglobin-production may be 
inhibited in the relatively crude liver extracts, there is no indication that in 
extracts containing both factors there is any quantitative relationship between 
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them. Thus, the fractions showing the most marked methemoglobin-produc- ; 
tion were not the most potent ones clinically. Actually, the most active liver 
fractions apparently did not contain the methemoglobin-producing factor. 


MANOMETRIC CONTROL. 


As methemoglobin is able to increase the uptake of oxygen by red blood- 
corpuscles in the presence of carbohydrate (Warburg, Kubowitz and Christian, 
1930), a manometric control of some liver extracts has also been made in 
Barcroft-Warburg respirometers (cp. Deutsch, 1934). With this method, 
which is apparently more sensitive than the spectroscopic method, very small 
traces of methemoglobin can be detected. The results obtained have failed 
to indicate any correlation between methemoglobin formation and hemo- 
poietic activity of the liver extracts. The following three examples serve as 
illustrations. It will be seen that oxygen uptake may or may not occur in 
the presence of either hemopoietically active or inactive liver extracts. 

Liver extract: S.—Hemopoietically inactive clinically. No methemo- 
globin detected spectroscopically (Table I), but manometrically the oxygen 
consumption was increased: Red cells alone, 30 c.mm. in 125 minutes ; 
red cells plus extract, 85 c.mm. in 125 minutes. 

Liver extract : T.—Hemopoietically very active clinically. No methemo- 
globin detected spectroscopically (Table I), but manometrically the oxygen 
consumption was increased: Red cells alone, 20 c.mm. in 80 minutes; red 
cells plus extract, 100-5 c.mm. in 80 minutes. 

Liver extract: R.—Hemopoietically very active clinically. Methemo- 
globin not detected either spectroscopically (Table I), or manometrically. 
Oxygen consumption: Red cells alone, 5 c.mm. in 30 minutes: red cells plus 
extract, 9-5 c.mm. in 60 minutes. 

Thus it is seen that the oxygen consumption of human red cells in the 
presence of liver extracts under these controlled conditions bears no relationship 
to the presence or absence of anti-anzemic liver principle and, therefore, the 
manometric method also fails to serve as a method of assay for this substance. 


SUMMARY. 


1. The methemoglobin test of Duesberg and Koll, for the assay of the 
anti-anemic principle in liver extracts, has been examined in a large series of 
extracts, and compared with the clinical test method employing relapsing cases 
of pernicious anemia. 

2. It has been shown that there is no correlation between hemopoietic 
potency as determined by the clinical test and the ability to form methzemo- 
globin as determined spectroscopically. 

3. In addition, the absence of any significant relationship between these 
two factors has also been shown by experiments in which methemoglobin 
was detected by the Barcroft-Warburg respirometer method, which is appa- 
rently more sensitive than the spectroscopic method in this respect. 

4. It is possible by careful heating to destroy the anti-anzmic liver principle 
in liver extracts, leaving the methzemoglobin-producing factor present and 
very little affected. 





















ACCLIMATIZATION TO 10 P.C. OXYGEN. 39 


5. The anti-anzmic liver principle is not identical with, and occurs inde- 
pendently of, the methzemoglobin-producing factor, which is present in about 
15-20 p.c. of liver extracts irrespective of their hemopoietic potencies. 

6. The methemoglobin test of Duesberg and Koll gives no indication of the 
presence or absence of anti-anemic potency in liver extracts used for the 
treatment of pernicious anemia, and the clinical test still remains the only 
reliable method of assay. 


This work has been carried out in part with the assistance of grants from 
the Medical Research Council, London (J. F. W.), the Academic Assistance 
Council (W. D.) and the Rockefeller Foundation (W. D.) respectively. 
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In earlier communications (Campbell, 1927a, 6; 1928; 1930) evidence 
was presented indicating that mammals cannot acclimatize fully to oxygen 
at 10 p.c. or less of an atmosphere, equivalent to an altitude of 20,000 ft. 
The results recorded in the present paper indicate that while young mice and 
rabbits can grow at normal rate under 12 p.c. oxygen (equivalent to 18,000 ft. 
altitude) they cannot do so under 10 p.c.; under the latter they deteriorate 
progressively and die. 
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_ It must be emphasized that we are dealing with continuous and prolonged 
exposure to oxygen deficiency ; it is well-known that some mammals will 
tolerate even 4 or 5 p.c. oxygen for short periods without any previous acclima- 
tization, but they are more or less distressed or collapsed. By acclimatization 
is meant maintenance of normal appetite leading to normal health, vigour, 
metabolism and body-weight. As already recorded in the papers referred 
to above, rabbits and mice appear to have greater powers of resistance to low 
oxygen pressure for prolonged periods than has man. Therefore if these 
animals cannot tolerate 10 p.c. oxygen continually, it is not likely that man 
will do so. 


EXPERIMENTS WITH MICE. 
Methods. 


The mice were enclosed in respiratory chambers—described in the earlier 
papers—up to about 600 litres capacity, the air within being well mixed by 
means of a fan driven by a motor outside the chamber. Oxygen used was 
replaced automatically from a spirometer, while the carbon dioxide and water 
vapour produced were absorbed by soda-lime spread out in trays near the 
top of the chamber. The oxygen percentage in the chamber was lowered by 
the addition of the requisite quantity of nitrogen, and daily analyses were 
carried out to be sure that the oxygen percentage was at the desired level ; 
it was not allowed to vary more than } p.c. above or below this. It has 
been proved that lowering the oxygen pressure by diluting the air with nitrogen 
has a similar effect upon animals to that of lowering the barometric pressure. 
Sufficient food, bedding and water were placed in the boxes to cover four days 
at a time, so that the chambers were opened for about twenty minutes only 
every three or four days. The temperature of the air was kept at about 20° C. 

Two diets were employed which, under normal conditions, give much the 
same rate of growth during the 2nd to 8th month period, the stage covered 
by the mice in the present Experiments A and B. In Experiment A the diet 
consisted of a mixture of oats, barley and wheat with a little clean green-stuff. 
In Experiment B the special diet for breeding mice at this Institute was used ; 
it contained brown bread—5 days old—soaked in milk, best white oats, and 
on occasion rolled oats, wheat germ, millet, hemp, canary seed, linseed, sprouted 
oats and cod-liver oil. 

The mice used were all about 2 to 3 months old at the start and weighed 
from 16 to 20 g. The main details of the experiments are given in Table I, 
which contains also the summary of the previous experiments with mice (2). 


TABLE I. 


Number of days at 10 p.c. O;— 
Number of days to reach. — 
Number of SS To cause loss of To cause marked 


mice. 12 p.c. Og. 10 p.c. O,, weight. increase in death- 
rate. 
Previous (2) . 24 ‘ 7 j 14 ; ij . 14-28 
Present, A ‘ 75 ; 14 ; 28 ‘ «7 ‘ 28 
Present, B ‘ 54 . 14 . 64 . <7 F 35 


Experiments. 
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In Experiment A of the present series 75 mice were used both for exposure 
to low oxygen pressure and for the controls, while in Experiment B 54 mice 
were employed in each case. 


Loss of Body Weight. 


In the previous experiments the oxygen pressure was lowered gradually 
from 20°9 p.c. to reach 12 p.c. on the 7th day; it was kept at this level for 
another 7 days before being lowered to 10 p.c. on the 14th day (Table I). In 
Experiments A and B, 14 days were taken to reach 12 p.c. oxygen; and 
another 14 days elapsed in Experiment A before the pressure was lowered 


Fia. 2. 


Weight (g.). 


~ 
2 
Sd 
a= 
= 


Days. 


Fic. 1.—Body-weight changes of mice in Experiment A. The figures near the arrows refer 
to the oxygen pressure. 

Fie. 2.—Body-weight changes of mice in Experiment B. The figures near the arrows refer 
to the oxygen pressure. T = first appearance of tetany. 


from 12 to 10 p.c. ; while in Experiment B, 50 days were spent at the 12 p.c. 
level. Thus in previous experiments only about 14 days were spent in acclima- 
tization at oxygen levels higher than 10 p.c., but 28 days were allowed in 
Experiment A and 64 days in Experiment B. Although this was so, yet in 
all three experiments the mice showed loss of weight and weakness during 
the first week at 10 p.c. level (Table I), and thereafter the decline in weight 
and vigour was progressive. In the previous experiments the surviving 
mice lost 5 g. each in 4 to 5 weeks under 10 p.c. oxygen, while the controls 
gained 3°5 g. (2). In Experiment A (Fig. 1) they lost on an average 
3 g. in 6 weeks, while the controls gained 3 g. in the same time. In 
Experiment B (Fig. 2) the mice lost on an average 3 g. in 8 weeks, while 
the controls gained 6 g. With the extra acclimatization at 12 p.c. oxygen 





Mice alive (p.c.). 
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the mice in the present Experiments A and B lost weight more slowly 
than the mice in the previous experiment ; that is, the extra acclimatization 
delayed the progressive loss of weight somewhat, but could not check it com- 
pletely. In Fig. 2 it will be observed that about the 30th day of the experiment 
the mice began to grow again under 12 p.c. oxygen ; this is definite evidence 
that they were acclimatized to 12 p.c. before being exposed to 10 p.c. 

The experiments were allowed to continue under 10 p.c. oxygen until it 
was obvious that acclimatization of the survivors was impossible. This 
occurred on the 69th day from the start of Experiment A (Fig. 1), and on the 
159th day of Experiment B (Fig. 2). Then the oxygen was raised again to 
the normal level of about 21 p.c. Some of the survivors began to grow again 
under these conditions (Fig. 2), but others did not, and died later (Fig. 3). 
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Fic. 3.—Death-rate of mice in Experiment A. Fic. 4.—Death-rate of mice in Experiment B. 


Death-Rate. 


In Experiments A and B the death-rate under 10 p.c. oxygen in about 
4-5 weeks’ time greatly exceeded that for the controls (see Figs. 3 and 4). 
In Experiment B (Fig. 4) loss of life was not so rapid in rate as in Experiment A 
(Fig. 3). This was evidently due to the longer period of acclimatization 
allowed under 12 p.c. in Experiment B. As already stated, the mice in the 
latter experiment were fully acclimatized to 12 p.c. oxygen since they began 
to grow under this pressure; this apparently increased their resistance to 
10 p.c., but only for a time, and slow deterioration was inevitable under this 
pressure. The appearance of the majority of the mice was that of invalids 
when under 10 p.c. oxygen, all showing weakness, and many exhibiting nervous 
symptoms, e.g. tetany. 

At the end of the exposure to 10 p.c. oxygen in Experiment A, that is on 
the 69th day, 38 of the original 75 mice were alive; although the oxygen 
pressure was then raised to normal level, only 7 of these 38 survivors remained 
alive after a further 14 days at normal pressure (Fig. 3). It is obvious, then, that 
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for some of the 38 mice the effects of the exposure to 10 p.c. oxygen had reached 
such a stage that recovery became impossible even when under normal pressure 
again. 

In Experiment B, on the 159th day, or at the end of the exposure to 10 p.c. 
oxygen, there were 19 survivors of the original 54 mice (Fig. 4). The healthier 
6 of these mice were exposed to normal oxygen pressure at 21 p.c. (see Fig. 2), 
and they began to grow again. The other 13 of the 19 mice were killed for 
estimation of serum calcium in connection with tetany. 


Tetany. 


As reported in the previous researches, excitability—leading even to 
convulsions on disturbance—and tetany were observed in many of the animals 
exposed for some time to low oxygen pressure. To endeavour to determine 
the cause, 5 of the 16 survivors with tetany in Experiment B were fed on 1000 
international units of vitamin D per mouse per diem for two weeks. This did 
not cure the tetany, and the serum calcium as estimated by my colleague 
Mr. T. A. Webster, using Clark and Collip’s (1925) method, was 12°5 mg. per 
100 c.c. Another 5 mice with tetany were not fed on vitamin D, and showed 
a similar serum calcium, namely 12°0 mg. per 100 c.c. The serum calcium 
of 5 of the control mice, that is, mice not exposed to low oxygen pressure, was 
10°6 mg. per 100 c.c. We may conclude, then, that tetany was not due to low 
serum calcium ; it was probably the result of direct action of the low oxygen 
pressure upon the nerve-cells (Campbell, 1926). Some mice with tetany caused 
by low oxygen pressure do not get rid of these symptoms when exposed to 
normal oxygen pressure again, but others do so; there appears to be a stage 
beyond which recovery becomes impossible. Some animals reach this stage 
sooner than others. 

Histological examination of the parathyroid and thyroid glands of the 
mice with tetany did not reveal any marked differences when compared with 
glands from controls. It was proved by passage of brain emulsion of the mice 
with tetany that there was no infectious agent present. 


Condition of the Heart. 


As previously demonstrated (Campbell 1928, 1929), congestion with degene- 
ration of the organs with evidence of chronic heart failure constitute the 
main findings in post-mortem examinations. Of course all organs must be 
more or less affected by the low oxygen pressure because of the general weakness, 
loss of appetite and heart failure. 

It has been demonstrated (Campbell, 1932, 1934) that mice acclimatize 
slowly to 0°25 p.c. carbon monoxide, and in these the heart often becomes 
hypertrophied (Fig. 5). This is regarded as evidence that the heart undergoes 
strain due to the resulting low oxygen pressure in the tissues, and to increase 
in viscosity of blood with increase of red corpuscles. Also when animals 
succumb to prolonged exposure to carbon monoxide, the post-mortem appear- 
ances are those of chronic heart failure. The heart, therefore, plays a main 
part in acclimatization to carbon monoxide poisoning. 
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It is well known that exposure to low oxygen pressure causes dilatation 
of the heart, and acclimatization cannot reasonably be stated to have occurred 
until this is overcome. The heart controls the circulation, and determines 
to what level the oxygen pressure in the tissues will fall. Although all organs 
must be concerned, experience with animals indicates clearly the main import- 
ance of the heart-muscle in powers to acclimatize to low oxygen pressure. 
Some animals collapse and die of heart failure long before others. 

In the present Experiment B the hearts of the survivors were weighed 
and compared with controls as shown in Table II and Fig. 5. As already 
stated, the mice at the start of the experiment were about 2-3 months old and 
weighed about 18 g.; the hearts of such mice weighed 0°100 g. At the end 
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Fie. 5.—Weight of mouse hearts. (a) Normal controls, black discs ; (b) exposed to 10 p.c. 
oxygen, clear discs ; (c) acclimatized to carbon monoxide, half-black discs. 


of the same experiment the mice were about 8-9 months old, and the control 
mice, that is, those not exposed to low oxygen pressure, weighed on an average 
30 g., and their hearts 0°145 g. On the other hand, the survivors of the mice 
exposed to low oxygen pressure, although also 8-9 months old, weighed only 
about 20 g., but their hearts averaged more than 0°145 g. (see Table II and 
Fig. 5). For body-weight and for age some of the hearts of the mice exposed 
to low oxygen pressure were definitely heavier than those for the controls. 
This is taken as evidence of attempted hypertrophy, which, perhaps, had 
occurred chiefly during the 7 weeks under 12 p.c. oxygen pressure ; judging 
from the growth curve the mice withstood this pressure. The mice in the 
carbon monoxide experiment were exposed to low oxygen pressure in their 
tissues for longer periods, namely, 9 months, and were well acclimatized ; 
some of their hearts show much more hypertrophy. The mice exposed to 
10 p.c. oxygen for three months were not acclimatized at all, and thus such 
hypertrophy could not be expected. Probably if the mice had been exposed 
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for much longer to 12 p.c. oxygen the hypertrophy would have been more 
evident. All the hearts recorded in Fig. 5 and Table II were weighed imme- 
diately after killing the animals with coal gas, the chambers of the heart being 
slit open to remove any visible blood. Certainly some blood must remain in 
some of the capillaries, but this must occur also in the controls. Some 
deduction should be made to correct for this factor, but in the present case 
nothing has been deducted ; microscopic examination did not indicate that 
the general conclusions would be affected thereby. 


TaBLE II.—Body- and Heart-weights of Mice. 


Body-weight (g.). Heart-weight (g.). 
Numbers and condition of mice. — 
Average. Limits. Average. Limits. 


12 controls; 2-3 months old . 18 . 1420 . 0-100 . 0-090—0-120 

12 controls; 3-6 months old . 23 . 20-26 . 0-135 . 0,115—0-160 

11 controls ; 8-9 months old; . 30 . 27-34 . 0-145 . 0-130—0-170 
Expt. B 

9 low O, (10 p.c.); 8-9 months . 21 . 19-24 . 0-150 . 0-120—0-180 
old; with tetany ; Expt. B 

4 low O, (10 p.c.); 8-9 months . 20 . 18-22 . 0-190 . 0-170-0-210 
old ; without tetany ; Expt. B 


Compared with the powers of acclimatization of mice to 0°20-0°30 p.c. 
carbon monoxide (Campbell, 1934), the resistance to 10 p.c. oxygen seems 
poor. According to Haldane’s (1920; 1922) curves, the blood of a mouse is 
about 30-35 p.c. saturated with oxygen when breathing 0°25 p.c. carbon 
monoxide in air, and also when breathing 10 p.c. oxygen, if allowance be made 
_ for alveolar air. In both cases the increase in volume breathed and in red 
corpuscles enables the blood to take up more oxygen than would otherwise 
be the case. The difference in powers of acclimatization may be connected 
with the fact that when breathing the carbon monoxide there is 20°9 p.c. 
oxygen in the air ; that is, there is plenty of oxygen in the lungs, although 
the carbon monoxide prevents the blood taking its full quota. On the other 
hand, under 10 p.c. oxygen there is a marked deficiency of oxygen in the lungs, 
and this presents what seems on first thoughts to be a much more difficult 
task, since there would be less oxygen dissolved in the plasma. 


EXPERIMENTS WITH RABBITS. 


The animals were enclosed singly in a respiratory chamber of about 150 
litres capacity with the same general arrangement as described for the mice. 
Sufficient hay, oats, green stuff, water and bedding (sawdust) to last about 
4 days were placed in the chamber, so that it was opened for only 20 minutes 
every 3 or 4 days. 

In the experiment illustrated in Fig. 6a young growing rabbit of about 
1800 g. was exposed to oxygen pressure gradually lowered from 20°9 p.c. to 
12 p.c., reaching this level on the 28th day. The oxygen pressure was main- 
tained at 12 p.c. for another 22 days, and the rabbit’s rate of growth under 
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this pressure was as rapid as is observed in normal rabbits of the same age 
and weight breathing normal air. The curve for such normal rabbits (cross 
between Flemish giant and a Belgian hare) has been published elsewhere 


2100 


Weight (g.). 


Days. 
Fic. 6.—Body-weight of rabbit under low oxygen pressure (see figures near arrows). 
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Fic. 7.—Body-weight of 5 rabbits exposed at once to 10’p.c. oxygen. Rabbits 4 and 5 
had received previous injections of cobalt chloride and manganese chloride. 


(Campbell, 1934), and coincides with that given in Fig. 6 up to the 50th day. 
It is evident, therefore, that this rabbit had become acclimatized to 12 p.c. 
oxygen, as judged by rate of growth. 

On the 50th day the oxygen pressure was lowered to 10 p.c., when the 
rabbit lost weight almost immediately, and there was no further increase in 
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growth above the level of the 50th day. Indeed, the animal lost weight 
rapidly, though with some apparent attempts to recover again. It was 
obviously in poor health practically all the time, and eventually died of chronic 
heart failure on the 118th day, or after 68 days at 10 p.c. oxygen. It had 
post-mortem appearances characteristic of chronic cardiac failure, 7. e. dropsy, 
nutmeg liver, chronic nephritis (large white kidney), marked congestion of 
organs, dilatation of heart, emphysema of lungs and patches of terminal 
pneumonia in the lungs. My colleague, Dr: Perdrau, kindly tested by passage 
the brain and spinal cord for presence of infectious agents, which might explain 
nervous or other symptoms ; the results were negative. 

When compared with the acclimatization exhibited by a rabbit to breathing 
0°20-0°30 p.c. carbon monoxide in the air (Campbell, 1934), the resistance 
when under 10 p.c. oxygen pressure is poor ; as already stated, this difference 
occurs also with mice. 

In Fig. 7 are given the changes in body-weights of 5 young growing rabbits 
exposed at once to 10 p.c. oxygen without any previous acclimatization to 
lesser degrees of oxygen deficiency. Rabbits 4 and 5 had their red corpuscles 
increased by previous daily injections, on about 16 occasions, of solutions 
containing 7 mg. of cobalt chloride and 3 mg. of manganese chloride (Klein- 
berg, 1934). In this way the red corpuscles of Rabbit 4 were increased from 
4,750,000 to 7,600,000 per c.mm., and of Rabbit 5 from 5,600,000 to 8,555,600, 
while the hemoglobin was increased from about 60 to 80 p.c. Rabbits 1, 2 
and 3 received no such injections. ? 

The previous increase in red corpuscles does not seem to have aided Rabbit 4 
at all, since it died in a few days, but Rabbit 5 seems to have exhibited 
considerable extra resistance to the effects of breathing 10 p.c. oxygen. It 
appeared at first to maintain and even increase its weight, but this may have 
been due to cedema and dropsy, which are often observed post mortem. It 
should have grown regularly, as it was a young growing animal. It certainly 
looked in poor health, and lost much weight after about 4 weeks under 10 p.c. 
It recovered somewhat, but was never healthy, and died on the 83rd day. 
Then it showed all the post-mortem conditions typical of chronic heart failure. 
Its heart weighed 7-76 g., which is a high figure for its final weight, but not so 
high perhaps for its age. Controls of the same body-weight have given 4-5 g. 
as weight of heart and of the same age about 7 g. or less. 

Rabbit 3 also exhibited some resistance, and it is interesting that its red 
corpuscles were not greatly different in number from those for Rabbit 2. 
Here, again, there is evidence that the hearts of some normal animals resist 
the low oxygen pressure much more vigorously than those of other apparently 
normal animals, but all die sooner or later from its effects. 


CONCLUSION AND SUMMARY. 


From the evidence submitted herein it is obvious that the mammals which 
have been proved to be most resistant to low oxygen pressure cannot be accli- 
matized to live in health under 10 p.c. oxygen, equivalent to an altitude of 
20,000 ft. Growth ceases, progressive loss of weight sets in, and the animals 
die sooner or later with symptoms typical of chronic heart failure. There 
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is evidence that powers of resistance vary greatly in different animals, and 
depend in great part on response of the heart muscle. 

The animals tested grew at normal rate under 12 p.c. oxygen, equivalent 
to an altitude of 17,000-18,000 ft. There is evidence that Tibetans, yaks 
and other mammals reside not far from this level at least for some months. 

It is not reasonable to speak of true acclimatization above 20,000 ft. Some 
animals and man exhibit considerable resistance to 10 p.c. oxygen, but the 
evidence from animal experiment, and in addition that recorded by Major 
Hingston (1925) and Dr. Raymond Greene (1934), indicate that this is purely 
a temporary and rather misleading phenomenon. At Everest, Camp III, 
21,000 ft., the deterioration was eventually rapid. The resistance in the 
fittest subject may persist long enough for him to reach the summit of Everest, 
but the risk is very great from oxygen want alone, without the added exertion 
and dangers of climbing and exposure to cold. 

There is evidence also that much more time should be given to acclima- 
tization below 20,000 ft., that is, at about 12 p.c. oxygen or 18,000 ft., before 
proceeding to higher altitudes. Dr. Raymond Greene informs me that it is 
not easy to find a place above 14,000 ft. where an expedition could remain 
long in comfort. 

Some animals exhibit tetany under 10 p.c. oxygen, but serum calcium is 
normal. 

Under 10 p.c. the problem is pathological, not physiological. 


I am indebted to my colleagues, Dr. J. R. Perdrau and Mr. T. A. Webster, 
for some occasional help, and also to my technical assistant, Mr. C. Pergande, 


for much help throughout this research. 
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THE reactions of the smaller blood-vessels have been reeently studied in 
considerable detail, though as yet no finality or agreement has been achieved 
on certain points. Vimtrup (1922a, b, 1923), working in Krogh’s laboratory, 
advanced the view that the cells discovered by Rouget and seen by others were 
responsible for blood-capillary contraction. The contention that these 
adventitial cells were responsible for the independent contractibility of capil- 
laries has been questioned by many observers on various grounds, and claims 
and counter-claims have been made on behalf of Rouget cells. The crucial 
experiments appear to have been performed by Zweifach (1934), using micro- - 
manipulative methods, whereby he shows that the endothelial cells in the frog 
contract and narrow the capillary lumen. The adventitial cells (including 
Rouget cells) round up, withdrawing their protoplasmic processes when 
stimulated, but in so doing cause no contraction of the capillaries. 

If, as now seems established, blood-vessel endothelium contracts when 
appropriately stimulated, it becomes of increasing interest to examine the 
reactions of other endothelial vessels—the lymphatics. Some inconclusive 
experiments were made by one of the present authors (H. W. F.) to determine 
whether lymphatics devoid of muscle contracted when mechanically stimulated. 
In work done in collaboration with Dr. Carleton on the squirrel (Carleton 
and Florey, 1927) the lymphatics in the mesentery close to the intestine were 
found to contract and, on histological examination, were seen to be free from 
smooth muscle. On the other hand, no contractions to various stimuli were 
observed in the lymphatic capillaries on the pleural surface of the diaphragm 
of the rabbit (Florey 1927a). 

In a continuation of these experiments certain interesting results were 
obtained on the larger lymphatic trunks provided with smooth muscle. 


OBSERVATIONS ON LYMPHATIC TRUNKS. 


It has been shown by Heller (1869), Lieben (1910) and Florey (1927)) 
that the lacteals of rats and guinea-pigs are rhythmically contractile, though 
they appear to be unique in this property. Florey stated that the thoracic 
duct of the guinea-pig did not contract rhythmically—an observation now 
found to be erroneous. If a guinea-pig previously fed with fat be rapidly 
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killed, the thorax opened and the lungs pulled aside to expose the thoracic 
duct, propagated rhythmical contractions of the same type as that seen in the 
lacteals can be observed with a binocular microscope. This capacity of 
rhythmic propagated contraction is, however, not confined to the lacteal 
system, but may be observed in the main trunks of the thigh and those coming 
from the testes of both the rat and guinea-pig. 

Hydrokollag (a special graphite preparation) in normal saline was injected 
into the patellar tendon and the material passed into the main thigh lymphatics. 
The trunks leading from the testes were easily injected by forcing the carbon 
suspension into the testicular substance. The preparations were irrigated 
with normal saline at 37° C., and observation made by a binocular microscope 
with reflected light. In the rat and the guinea-pig rhythmic propagated 
contractions were observed in. these trunks; in the case of the testes this 
occurred in the vessels on the surface of the epididymis as well as the larger 
trunks. 

The effect of adrenaline was tried on these vessels, and the following 
protocol illustrates the essential points : 


Rat.—Urethane sub cutis and ether. 

Skin of leg cut away and patellar tendon injected with hydrokollag. Large lymphatic trunk 
running with main blood-vessels observed. This was seen to be rhythmically contractile, the 
black ink being rapidly propelled forwards. The preparation was irrigated with normal saline 
of pH 7-4. The trunks near the knee did not appear pulsatile. Adrenaline 1/1000 dropped on 
to beating part. Beats stopped and trunk went into spasm. 

Abdomen opened and testicle injected. Trunk along cord examined. Parts of this were 
seen to be beating rapidly. Portions quite near the testes were seen to be beating. The 
propagated motion of the disturbance was well seen. 

The other testicle injected, but less fully, in order to avoid stretching the trunks too much. 
Rhythmic propagated contractions shown in vessels along cord. When first examined 18 per 
minute, the diameter of vessels diminishing to one-third fully dilated condition. One portion had 
a bulbous part which was beating vigorously, becoming bulbous only during diastole. A drop of 
adrenaline 1/1000 was added to the irrigating fluid. This caused an increased tone in the part 
observed, as shown by the fact that the bulbous portion did not relax to form a bulb; the rest 
of the duct in the immediate neighbourhood also became smaller in diameter, but went on beating 
at the same rate as before adrenaline was applied, viz. 14 per minute.’ Other portions of the 
trunk were very contracted in spasm and did not exhibit pulsations. 


Thus adrenaline caused very marked and easily observed contraction of 
the trunks of the rat. The same was true of the vessels of the guinea-pig. 

Pituitrin also sent the vessels into spasmodic contraction. Similar experi- 
ments with the cat and rabbit, however, disclosed no rhythmical contractions 
of the trunks, but in one experiment on the trunks coming from the testes in 
a rabbit, well-marked spasm, resulting in almost complete obliteration of the 
lumen, occurred on the addition of adrenaline. This, however, was exceptional, 
and most experiments in both the cat and rabbit gave negative results in this 
respect. 


OBSERVATIONS ON LYMPHATIC CAPILLARIES. 


As the contractions in the foregoing experiments are almost certainly due 
to the presence in the trunks of plain muscle-fibres, it was of interest to test 
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the reactions of lymphatic capillaries to the same stimuli. The capillaries on 
the surface of the testis of a young cat are shown in Fig. 2, These were found 
to be inactive to any stimuli. Further attempts were made to determine 
whether lymphatic capillaries in the diaphragm of the rabbit exhibited any 
contractile properties when subjected to the influence of adrenaline. Use was 
made of the observation that the capillaries and trunks on the pleural surface 
of the diaphragm become well and quickly injected when hydrokollag is put 
into the peritoneal cavity (Florey, 1927a). Two types of experiment were 
performed: in one adrenaline 1/1000 was injected into the peritoneal cavity 
first, and then the hydrokollag ; in the other the hydrokollag was mixed with 
adrenaline to make a strength of 1/20,000. In neither was any evidence 
obtained that entrance into the diaphragmatic capillaries was hindered, 
i. e. no significant contractions of either the capillaries or trunks were caused 
by this procedure. The irresponsiveness of the lymphatic capillaries to 
stimuli applied as described has led to a reinvestigation of the subject on more 
suitable material. The possibility that lymphatic dilatation was accomplished 
by pulling on connective-tissue fibres attached to the walls was obviously one 
explanation of the dilatation so frequently seen histologically. 

Recent work by Hudack and McMaster (1932) has provided an excellent 
method for viewing mammalian lymphatic capillaries with the binocular 
microscope in a living tissue undisturbed by operative exposure, such as is 
necessary for abdominal vessels. Their method consisted in injecting the 
lymphatic vessels of the ear of albino mice by means of a micro-dissection 
apparatus. These injected vessels were viewed by reflected light, the ear 
being placed on a white background. This technique has been modified 
somewhat for the present work, in which the earlier observations have been 
amplified. 


Methods. 


Apparatus.—Fig. 1 illustrates the arrangement employed. A Leitz 
binocular dissecting microscope was used, giving magnifications of 16 and 
32. Illumination was provided by shining the light from a Leitz “Monla”’ 
universal microscope lamp on to one end of an S-shaped total reflection rod, 
thus providing transmitted light through the ear of the anesthetized mouse. 
The ear was spread in paraffin over the horizontal end of the rod. This 
method of illumination was preferable to that of reflected light, as with the 
more powerful illumination greater depth was given to the field and more 
details could be seen. The reflection rod could be moved by a rack-and-pinion 
movement. A Leitz microdissector giving large excursions by means of 
rack-and-pinion movements was used for holding the injection pipette. Another 
microdissector of the early Chambers type was clamped to a stand giving 
coarse vertical movements. (A second Leitz micromanipulator would have 
been more convenient, but this was not available.) The Chambers micro- 
dissector carried a glass rod ending in a small knob, which was pressed on to 
the ear to steady it during injections. Reference may be made to the ‘ Manual 
of Micrurgy ’ (Howland, 1931) for details as to the preparation of pipettes and 
the setting up of the injection system. 
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Procedure.—For the present experiments hydrokollag 300 has been em- 
ployed, the material being prepared in the following way: The commercial 
hydrokollag was mixed with 0°9 p.c. sodium chloride to make a dilute sus- 
pension, and the ammonia was blown off by a stream of air passed for 24 


Fic. 1.—Apparatus. To show the component parts these have been separated somewhat 
before photographing. The tall stand on the left carries a microdissector which holds a 
rod. The S-shaped total reflection rod can be seen in the centre with the ]amp in position 
to shine into its upper end. This rod is mounted on an old microscope stand. 


Fie. 2.—The lymphatics on the surface of a young cat’s testis injected with hydrokollag. 
Note the blind ends of some of these vessels. 


hours. The mixture was then allowed to settle for some days in a tall cylinder, 
and the supernatant suspension centrifuged at 3000 r.p.m. for half an hour. 
The supernatant suspension was again taken and centrifuged at the same 
speed for 1 hour. The precipitated graphite was collected and resuspended in 
a small volume of saline for injection purposes. This gave a stable suspension 
of very fine particles. 
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White mice of about 20 g. weight were anesthetized with sodium luminal, 
or in some cases urethane given subcutaneously. When no spontaneous 
movements were apparent the mouse was extended on a plasticine stage 
mounted on a heavy lead base so that the ears could be conveniently spread 
over the end of the reflection rod. The points of the needles were of a size 
which easily penetrated the epithelium into the subepithelial tissue. For 
injection hydrokollag was drawn up into the pipette, which was then approxi- 
mated to the point on the edge of the ear into which the injection was to be 
made. The steadying rod was brought down on the edge of the ear to hold 
it. The pipette was then pushed gently through the skin and slight pressure 
made on the injecting syringe. If the hydrokollag did not immediately flow 
into the lymphatics the pipette was moved slightly in the tissues. If no 
lymphatic was encountered the pipette was withdrawn and thrust in another 
spot quite close to the first. This was repeated as often as necessary till the 
needle entered a lymphatic, when extensive injections could be made with 
an almost imperceptible pressure on the syringe. This procedure was necessary, 
as it was found that mere forcing of the hydrokollag into the tissues resulted 
in the carbon being filtered off and the fluid forming an cedematous patch. 
Once a lymphatic plexus had been injected it was a relatively simple matter 
to withdraw the needle, charge it with hydrokollag mixed with any substance 
the effect of which was to be tested, and then to insert the pipette into one 
of the previously injected lymphatics. When necessary photographs were 
taken by inserting a Leitz “‘Makam”’ camera into one of the tubes of the 
microscope. For magnifications of 32 an exposure of 50 seconds using 
Ilford autofilter (H & D 400) plates was found to be adequate. No doubt 
with faster plates and increased illumination this time could be considerably 
reduced if necessary. By employing this technique relatively little trouble 
was encountered in getting satisfactory injections. The lymphatics appeared 
black, and the material within them did not clump or block the lumen in any 
way. The lightest pressure on the vessels through the skin was sufficient to 
displace the material. Black particles tended to collect in the neighbourhood 
of the valves of the trunks, which were thus frequently shown up. 


Results. 


If a considerable amount of carbon suspension was perfused the saline 
escaped into the tissues and caused them to become oedematous, but no escape 
of particles was observed through the walls. In fact, the walls acted as a 
filter, the deposited carbon making them stand out strongly in relief. The 
fact that these particles do not escape into the tissues during a short period of 
observation confirms similar observations made by Hudack and McMaster 
(1932), and McMaster and Hudack (1932). 

Effects of adrenaline——It has been shown by numerous workers that 
adrenaline when punctured into the skin causes contraction of the capillaries 
and venules, so the effects of this substance were tried on lymphatic capillaries. 
An injection of hydrokollag was first made and the plexus thus revealed was 
photographed. The pipette was withdrawn and filled with a mixture of 
hydrokollag which contained 1/5000 adrenaline (Parke Davis & Co.). A 





Fie. 3.—Lymphatics of ear of mouse injected with hydrokollag. Photographed by ‘‘ Makam ” 
camera. Original magnification 32, here reduced to 24. An artery and a vein are seen 
coursing together and dividing in the field photographed. The small grey horsehoe-shaped 
structures visible in parts are sebaceous glands. 


Fic. 4.—Same mouse as Fig. 3. The needle was removed after making the first injection and 
charged with hydrokollag containing 1/5 pituitrin (Parke Davis & Co.). The needle was 
re-inserted into the plexus and the vessels perfused for a short time, very gentle pressure 
being used. The pituitrin-hydrokollag was observed to penetrate throughout the plexus. 
The pituitrin has escaped from the vessels, as is shown by the very marked contraction of the 
artery. There is no evidence of contraction of the lymphatics. 


Fic. 5.—Same technique as for Fig. 3. Normal injected lymphatic plexus with an artery and 
vein coursing obliquely across the field. 


Fic. 6.—Same procedure as for Fig. 4, except that 1/5000 adrenaline-hydrokollag was perfused 
through the lymphatic vessels. Again the blood-vessels show well-marked contraction, 
but the lymphatics are unaffected. To the right of Fig. 6, about the middle, a slight 
difference can be seen from the lymphatic pattern of Fig. 5. This has been caused by the 
washing-out of the injection material and not by contraction. 
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fresh injection was made into the same plexus and another photograph taken 
after a short ‘interval, during which the adrenaline passed out of the lymphatics 
and caused contraction of the arteries in the field observed. A comparison 
thus made showed no visible contraction of the lymphatics (Figs. 5:and .6). 

The insertion of small amounts of adrenaline into the subepithelial tissue 
in the neighbourhood of injected lymphatics never caused any demonstrable 
alteration of their calibre. 

Effects of pituitrin.—A similar procedure was adopted for. pituitrin. Here 
again well-marked constriction of the arteries occurred without visible effect 
on the calibre of the lymphatics (Figs. 3 and 4). 

Effects of mechanical stimulation—A lymphatic plexus was debe and 
the effects of light and heavy mechanical stimulation were investigated. The 
stimulation was applied by means of a fine glass rod manipulated free-hand. 
No effects of light pressure could be seen except a slight displacement of the 
hydrokollag from the place stimulated. If the stimulus was very light the 
hydrokollag flowed back and the vessel appeared unchanged. With heavier 
stimulation more hydrokollag was displaced and the lumen of the capillary 
could be made to appear smaller: This, however, was apparently. a purely 
passive effect due to the displacement of the fluid content of the vessel, for if 
hydrokollag was gently massaged in from the periphery with the stimulating 
rod the original diameter was at once resumed and maintained. © Again, if 
“‘ contraction ’’ was produced as described, it remained absolutely unchanged 
during ten minutes’ observation, but the original calibre. of the vessel was at ° 
once resumed on “ milking ”’ in a little more fluid from the periphery. From 
this and repetitions of this experiment the conclusion was thus reached that 
the injected lymphatics of the mouse’s ear do not react in any active way when 
stimulated mechanically. 

The effects of stretching the wall were also observed. With the injecting 
pipette properly inserted into a plexus the slightest touch on the syringe 
caused the injection of fluid. By controlling the force used it was seen that 
the walls of the lymphatics were quite elastic. They could be distended 
without the least sign of rupture, and on releasing the pressure there was an 
immediate elastic recoil of the walls. During these manipulations there was 
no leakage of particles unless sufficient force was used. to_cause minute scattered 
ruptures. The effect which followed stretching did not appear to be an active 
contraction, but merely an elastic recoil to a certain diameter, which was then 
maintained unaltered for long periods. A similar observation has been made. 
on the distensibility of frog lymphatics by Drinker and Field (1932). The 
observations of these authors of the irresponsiveness of frog lymphatic capil- 
laries to various stimuli is thus amplified in the mammal. We can confirm the 
observation of Hudack and McMaster that the impression is gained in injecting 
these lymphatics that some vessels are closed in normal tissue—at any rate 
some vessels take the perfusion fluid more readily than others. 


REACTIONS OF LYMPHATICS IN @DEMA. 


The observation is commonly made that lymphatics in inflamed cedematous 
tissue are dilated, and the fact that the lymphatic flow is greatly increased on 
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inflammation has been adequately shown. (See Drinker and Field (1933) for 
a discussion of this point.) The mechanism for blood-vessel dilatation in 
inflammation has been worked out in considerable detail, but it is clear that 
the mechanism for lymph-vessel dilatation cannot be the same. If a blood 
capillary or venule be paralysed, as is the case in inflammation, the internal 
hydrostatic pressure will cause dilatation. The pressure inside the lymphatic 
vessels, however, is less than the pressure in the surrounding tissues. This 
again is less than the capillary blood-pressure. Hence if the tissue fluid 
pressure rises owing to the accumulation of fluid the lymphatics should be 
compressed—a view held by Adami (1909), who, however, believed that the 
lymphatics actively secreted lymph. Field, Drinker and White (1932) point 
out that this is improbable, and observations on inflamed and cedematous 
tissue make it quite clear that the lymphatics are in fact dilated. The 
mechanism of this dilatation has been investigated on material in which 
lymphatics could be identified owing to their content of injected hydrokollag. 

Several procedures have been adopted for the production of cedema, one of 
the simplest being to inject saline into the tissues with a micro-pipette. 
Histamine (1/1000) has also been pricked in by a micro-pipette. Inflammatory 
cedema has been caused by the injection of mustard oil in olive oil, or by 
CaCl, solution, or by heating. 


Saline Gidema. 


For investigations on living tissue the lymphatics were first injected with 
hydrokollag and then the cedema was induced. In all cases the hydrokollag 
was freely movable in the vessels, so that if at one point they were compressed 
the black material was forced out from that area. Although the presence of 
saline fluid tends to make the tissue less translucent, in no case could any 
diminution of the lymphatic diameter be observed. That is, the accumulation 
of fluid in the tissue did not compress the lymphatics, but maintained them in 
a dilated condition. Although some of the carbon was washed away, the walls 
of the vessels remained visible by reason of the adhesion of some of the 
particles. In all experiments the mice were killed at the end and the ears 
fixed in situ in susa for subsequent histological examination. 


Histamine Gidema. 


1/1000 histamine solution in a micropipette was pricked into the ear. A 
good bulky cedema developed and the ear became as a consequence more 
opaque. An injection of hydrokollag was then made into the lymphatics 
running towards this area. A very complete injection was made of the 
superficial and deep lymphatics around and in the cedematous area. The 
vessels filled equally well in the cedematous and in the normal places. When 
injection was stopped and pressure released, the lymphatics in the oedematous 
patch did not collapse. While under observation, the cedematous part 
increased in area, but the lymph-channels at the advancing edge did not 
collapse. Observations were also made of histamine cedema following a 
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primary injection of lymphatic capillaries. No lymphatic capillaries were seen 
to collapse as the cedema increased. The slightest touch on the surface of the 
ear moved the particles of hydrokollag freely in the vessels. Firmer pressure 
emptied the length of capillary touched; when pressure was released hydro- 
kollag fiowed in again. It was thus clear that the contents were freely movable 
in the lumen of capillaries. 


Inflammatory Gdema. 


An inflammatory cedema was produced with calcium chloride by sub- 
cutaneous injection half way between the tip and base of the ear, after filling 
the lymphatic capillaries with hydrokollag. As soon as the fluid containing 
calcium chloride was introduced under the skin, hydrokollag in nearby 
lymphatics moved and was partly washed out during the course of injection. 
Gentle massage from the periphery was used in one experiment in order to 
fill again the lymphatics under observation. One hour later there was a 
diffuse inflammation with capillary hemorrhages. The cedema was less 
owing to absorption of fluid introduced. After 24 hours the ear was intensely 
inflamed and slight cedema was observed, but the hydrokollag particles could 
not be then moved in the lymphatics. Owing to the washing out of hydro- 
kollag from some lymphatics and to clotting in others, it was not possible in 
the living tissues to determine whether the channels remained open or not. 
In microscopic sections made subsequently, however, widely opened lymphatics . 
were found in inflamed cedematous areas. 


Histological Observations. 


The experiments just described show that the walls of the lymphatics of 
the mouse’s ear are elastic tubes which do not contract to any of the stimuli 
employed, and that when once they are injected they do not collapse again 
when the interstitial fluid is increased in amount and the interstitial fluid 
pressure raised. The mechanism for this sustained dilatation in seemingly 
adverse circumstances has been sought for outside the lymphatics. 

All histological sections prepared from cedematous ears showed widely 
opened lymphatics identifiable by the presence of hydrokollag lying quite free 
in their lumina (Fig. 7) or by their valves. The lymphatic channels were 
formed by a single layer of endothelium to which fibres of the surrounding 
connective tissue were attached (Fig. 9). In some cases endothelial wall and 
connective tissue appeared inseparable (Fig. 8). Sections in which the walls 
were cut tangentially showed, immediately outside the endothelium, an 
interlacing network of fibres (Fig. 10). The majority of the fibres stained 
light brown with silver and red with van Gieson’s stain in the manner of 
collagen, but silver impregnation showed also many black reticulum fibres. A 
very few elastic fibres, staining with Weigert’s stain, were also seen. 

From these observations it is clear that as the connective tissue fills with 
cedema-fluid and swells, tension on fibres attached to the lymphatic capillaries 
causes their walls to be drawn apart, their dilatation thus being passive. To 
this interpretation of the results it may be objected that in all the experiments 





Fic. 7.—Histamine edema in mouse’sear. Widely-opened lymphatics containing hydrokollag, 
superficial to skeletal muscle-bundles. Connective-tissue fibres attached to walls. Stained 
iron-hematoxylin and van Gieson. 


Fic. 8.-—Histamine oedema in mouse’s ear. Deep lymphatic near central cartilage, widely 
open, containing hydrokollag and with connective-tissue fibres attached to walls. Silver 
impregnation. 


Fic, 9.—Histamine cedema in mouse’s ear. Superficial lymphatic containing hydrokollag, 
widely dilated. Wall attached to collagen fibres in the corium. Stained azan. 


Fie. 10.—Superficial lymphatic in cedematous ear in a section 14p thick showing wall, cut 
tangentially, composed of interlacing fibres of collagen and reticulum. Silver impregnation. 
The dark mass at the bottom is skin epithelium. 
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so far described, fluid was injected directly into the lymphatics, thereby 
forcing them open in order to show them up. In order ‘to guard against this 
possible fallacy, experiments were conducted in which no injection was made. 
An inflammatory oedema was produced by holding the ears of anesthetized 
mice in water heated to 45°-50°C. The right ears were immersed in the 
water, the left—not heated—were used to control the observations. When 
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Fie. 11.—Heat oedema in mouse’s ear compared with normal ear, showing dilated lymphatics 
containing a fine coagulum, and attached connective-tissue fibrils in the one and absence 
of open channels in the other. 


an oedema, visible by means of the dissecting microscope, had developed, the 
mice were killed. The ears were fixed in susa as before. The lymphatics, 
identified by their shape, their position, and in some cases by their valves, 
were in a dilated condition as in the previous cedematous states. They formed 
striking objects in sections of the cedematous ears ; in the normal ears it was 
possible here and there to find a lymphatic channel, but the large majority 
were closed (Fig. 11). Levy (1929) noticed in the cedema following the action 
of ultra-violet light on the ears of white mice that the lymphatics became 
dilated in a manner apparently similar to that described above. 
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DISCUSSION. 


On p. 45 of their book Drinker and Field (1933) state : 

“ A further possibility, for which no proof exists, is that the delicate lymph 
capillaries are fixed to surrounding tissues by fine strands of reticulum, and 
that muscular movements by pulling on these strands may induce distortion 
and temporary openings, through which fluid enters eventually to reach a 
valved trunk from which escape does not occur.” 

The work detailed in the present paper indicates that the lymphatics of 
the mouse’s ear have indeed a very extensive and intimate connection with 
the surrounding fibres of the connective tissue. 

The surrounding of the lymphatics of the intestine by reticulum fibres 
has been referred to by Maximow and Bloom (1931), but no inference as to the 
possible function of these fibres has been made. Though in this work only 
the lymphatics of the mouse’s ear have been investigated, it is probable that 
the connection of the lymphatic walls with the surrounding tissue is a general 
relationship. Lymphatics become dilated in all inflamed tissue, and it is 
difficult to see a satisfactory explanation of their dilatation except along the 
lines indicated by our histological observations. 

It is of interest to note that McMaster and Hudack (1932) have shown that 
slight injuries increase the permeability of the lymphatics to certain dyes. In 
inflammation and most forms of local cedema there is injury to the tissues, so 
that there is a simultaneous dilatation of lymphatics with increase in their 
permeability—a state of affairs which must considerably facilitate the drainage 
of the tissues. It is clear that dilated lymphatics should not be interpreted 
as blocked vessels unless adequate proof is obtainable. 


SUMMARY. 


1. The lymphatic trunks passing from the testicles and in the thigh of 
the rat and guinea-pig are rhythmically contractile when filled with hydro- 
kollag suspension. They contract vigorously when adrenaline and pituitrin 
are applied. The thoracic duct of the guinea-pig is also rhythmically con- 
tractile. All the trunks of guinea-pigs examined (both in the present and 
previous work) have been found to be rhythmically contractile. 

2. An improved method for injecting and examining the lymphatics of 
the white mouse’s ear is described. 

3. These injected lymphatics have not been found to contract actively 
when mechanically stimulated. They do not react to adrenaline or pituitrin. 

4. Local cedema produced in a variety of ways results in dilatation of the 
ear lymphatics. 

5. These lymphatics are intimately connected to the surrounding tissues by 
collagen and reticulum fibres. 

6. This connection is responsible for the dilatation seen in cedematous 
tissue. 


We are indebted to the Government Grants Committee of the Royal 
Society for a grant towards the expenses involved in this work. 
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Mucu discussion has centred around the nature of the filterable agents 
which produce sarcomata in fowls. Many consider that these agents are living 
organisms, others that they are inanimate chemical substances. Determina- 
tion of the size of a fowl tumour virus is of obvious importance in relation to 
this controversy. Attempts to measure the size of the Rous No. 1 sarcoma 
virus has been made in the past. Zinsser and Tang (1927) estimated its 
diameter at between 0-02 and 0-10u, Frankel (1929) at 0-010u, Mendelsohn, 
Clifton and Lewis (1931) at less than 0-05u. During the last few years Elford, 
with various collaborators at the National Institute for Medical Research, has 
estimated the size of a number of viruses, using a new series of graded collodion 
(gradocol) membranes of very uniform pore size. Believing these to be capable 
of yielding more accurate results than the membranes used by other workers, 
we have re-investigated the question of the size of the Rous sarcoma virus. 
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Technique. 


The technique of the preparation and use of gradocol membranes has been 
described elsewhere (Elford, 1931). 

Biological testing of filtrates presented difficulties. We had previously 
found in studies of vaccinia (Elford and Andrewes, 1932a) that the titre of the 
starting material profoundly influenced the end-point in filtration experiments, 
and hence the apparent size of the virus. It was therefore essential with the 
Rous virus also to estimate quantitatively the potency both of our starting 
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Diagram of tumours found post-mortem in 6 chickens in which stock virus (V.) in various 
dilutions was compared against dilutions of a 0°4, filtrate (F.). A small circle indicates 
that no tumour was found. 


material and of filtrates. Mere comparison of the sizes of tumours produced 
by different undiluted samples is, in our experience, unreliable. Titration in 
falling ten-fold dilutions has the disadvantage that one sample of virus will be 
active in higher dilutions in some chicks than in others. Nevertheless, this 
has proved the best available method, but it is essential that stock virus and 
filtrates shall always be compared against each other on the same chick. 

Stock filtrates of Rous tumour tissue were prepared by grinding measured 
quantities with powdered pyrex glass, and adding equal parts of broth and 
Ringer’s solution to make a 2} or 5 p.c. suspension. This was centrifuged, 
filtered through a pulp and sand filter, and then through a coarse gradocol 
membrane having an average pore diameter (A.P.D.) of 0-8 to lu. We 
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obtained consistent results only when using a really potent virus; we con- 
sidered as such a stock filtrate which would produce tumours in a fair propor- 
tion of birds when diluted 1 : 500 or 1 : 1000. 

Inocula of 1 c.c. quantities were made in the two breasts and two legs of 
Plymouth rock chicks, which were usually 4 to 6 weeks old. The method 
of comparing the stock virus against filtrates is shown in Chart 1. In the first 
pair of chicks in this experiment, dilutions of stock virus (V) have been compared. 
against the same dilutions of a filtrate (F) through a 0-44 membrane. In the 
second pair the direct comparison is between this filtrate and virus diluted 
ten times as far; in the last pair, the virus has been diluted a hundred times 
as far as the filtrates compared against it. The experiment shows that this 
filtrate has less than 10 p.c. of the potency of the original virus ; the result 
with chick 16 suggests that 1 p.c. is probably a-truer estimate. As often 
happens, one chick in this experiment (No. 15) proved particularly resistant 
and developed no tumours. 


Experiments with Untreated Filtrates. 


In preliminary experiments, which have been alluded to in an earlier paper 
(Elford and Andrewes, 1932a), we experienced many difficulties through the 
blocking of the membranes by the sticky material which Rous tumour filtrates 
contain. In one experiment, filtrates through a membrane with an A.P.D. 
of 0-25 proved active, but this result could not be repeated. It accordingly . 
became necessary to try to purify the virus, or at any rate to free it from the 
sticky material. 


Experiments with Virus Purified by Elution. 


Numerous workers have obtained partial purification of Rous virus by 
adsorption on to alumina, kieselguhr or other agents and subsequent elution 
(Leitch, 1928; Frankel and Mislowitzer, 1929; Maschmann and Albrecht, 
1931; Pirie, 1931; Nakahara and Nakajima, 1933). We made numerous 
attempts at adsoprtion on alumina and elution with phosphate buffers on the 
lines laid down by these workers, but although we readily obtained active 
eluates with very low protein content, none of them were sufficiently potent 
for our purposes. 

We also followed Claude and Murphy’s (1933) method of adsorbing virus 
filtrates with small quantities of alumina to remove contaminating and inhibit- 
ing substances and treating the supernatant fluid with gelatin; once again 
our products failed to reach the desired standards of potency. 


Purification of Virus by Washing. 


In further attempts to obtain relatively pure suspensions of the virus we 
adopted a procedure which had previously proved of value in purifying viruses 
and bacteriophages (Barnard and Elford, 1931; Elford and Andrewes, 19326), 
washing away the unwanted constituents through a membrane which would 
retain the virus completely. The filter, assembled with an appropriate mem- 
brane (A.P.D. 0-15 to 0-05), was charged with a known volume of the stock 
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virus filtrate, and filtration conducted under positive pressure until nine- 
tenths of the initial volume of liquid had collected in the calibrated receiver. 
The residual one-tenth above the membrane was diluted to the original volume 
with pure medium—usually a mixture of equal parts of broth and Ringer’s 
solution. This cycle of operations was repeated until the filtrate no longer 
gave a positive test for protein with sulphosalicylic acid. Four cycles were 
usually sufficient to achieve this. Broth stabilizes both virus and protein 
suspensions, and even in experiments where the purified virus is finally required 
in saline or Ringer’s solution, it is advisable to conduct the first three cycles 
of the washing process with broth in order to ensure the removal of the maximum 
amount of protein material, while retaining the virus in suspension above the 
membrane. The broth may then in later stages be replaced by the alternative 
medium. 

In general, after the last washing, the virus was made up to less than the 
original volume of fluid, so that we carried out our final filtration with a virus 
suspension which had been concentrated, on the average, about five-fold. In 
successful experiments this washed virus suspension was active in a dilution 
of 1 : 500 or 1 : 1000; this is as good a titre as one can reasonably expect to 
attain with a Rous virus filtrate. In spite of the five-fold concentration, we 
obtained no evidence that the treated virus was more active than the original 
filtrate. In fact in some other experiments in which we especially studied 
the effect of washing on the virus, we always observed some loss of potency. 
A few experiments indicated that we could not blame oxidative enzymes for 
this loss, as it occurred in the presence of 1 : 10,000 hydrocyanic acid (cf. 
- Gye and Purdy, 1930); nor was it attributable to a decrease in the stability 
of the virus when the protein-content of the medium became very low, as the 
loss was still observable when we washed with an extract of normal chick 
embryo. We were finally inclined to suspect a modification of the physical 
properties of the virus in these washed preparations, leading to greater adsor- 
bability and tendency to aggregation. It is clear, however, that virus in the 
very potent suspensions used in the experiments recorded in Table I cannot 
have been much damaged by our manipulations. 


TaBLE I.—Filtration of Washed Rous Virus. 


M.I.D. per c.c. A.P.D. of mem- M.I.D. per c.c. 
of stock virus. brane in p. of filtrate. 


1000 ; 0-55 ‘ 100 to 1000 
1000 ‘ 0-41 
1000 ; 0-38 
1000 . 0-25 
500 : 0-25 
1000 ; 0-25 
50-500 ‘ 0-23 
50-500 ; 0-21 
1000 : 0-18 


.I.D.= Minimal infective dose. 
.P.D. = Average pore diameter. 
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Filterability of washed virus.—In Table I are shown the results of nine 
filtration experiments with washed virus. The stock virus was in some experi- 
ments prepared from a 2} p.c., in others from a 5 p.c. tumour-extract ; the 
virus was washed 3, 4 or 5 times on a membrane of which the A.P.D. varied 
from 0-05 to 0-15u. Particulars of these minor variations in technique are 
not given in the table, as we do not believe them to have had any important 
bearing on the outcome. As a rule, 10 c.c. of purified virus suspension were 
filtered in each test experiment. This quantity corresponds, on the average, 
to 50 c.c. of original stock virus, as this was usually concentrated about five- 
fold during the process of washing. We carried out eleven other filtrations 
which are not recorded in the table, as the virus suspension used proved to be 
active only in low dilutions or not at all. It will be seen that with a membrane 
of A.P.D. 0:55y, all or almost all virus was able to pass ; with membranes of 
A.P.D. around 0-4y, about 1 p.c. passed; with 0-254 membranes 0-1 p.c. 
passed in all but one experiment ; we never obtained an active filtrate through 
a membrane having an A.P.D. less than 0-25y. 

Interpretation of filtration results——The data in Table I indicate the end- 
point for Rous virus to be 0-2 uw, from which we might deduce, according to the 
relationship adopted by Elford (1933), that the particle size of the virus was 
0-1-0-15u. However, the titres of our Rous virus suspensions are low com- 
pared with others previously studied in this range of size, viz. vaccinia, canary 
virus, infectious ectromelia, herpes, all of which can readily be obtained in 
suspensions which are active when diluted at least 10*-fold. Were such potent 
suspensions of Rous virus available, it is possible that the end-point might be 
slightly lower than 0-2u—say 0-15u. We do not consider a lower figure than 
this probable, since experience with filtration of viruses through this series of 
graded membranes has shown that the first appreciable drop in infectivity 
of filtrates, through membranes of progressively lower porosities, invariably 
occurs when the A.P.D. of the membrane has twice, or with the less homo- 
geneous suspensions, three times the end-point value. For Rous virus, this 
porosity appears to be in the neighbourhood of 0-5u, and from this fact alone 
one might predict an end-point 0-15—0-25u, assuming the dispersion of the 
virus to be comparable in uniformity with that of other viruses studied. Our 
final interpretation of the data therefore is that the size of Rous virus is 
probably about 0-1y, and possibly as small as 0-075u. Further, we are led to 
the conclusion that the behaviour of Rous virus on filtration through graded 
collodion membranes is not markedly different from that exhibited by viruses 
as a class, the particles being of average uniformity in size. This uniformity 
confirms our belief that we have actually been measuring the size of the infective 
agent itself, and not that of some colloidal carrier with which it is associated. 


Experiments with Fujinami Sarcoma Virus. 


A few experiments were carried out with the virus of Fujinami’s fowl 
myxosarcoma, which is transmissible also to ducks. Extracts from duck 
tumours were not as sticky as the fowl-tumour extracts ; with them, therefore, 
it was unnecessary to wash the virus before filtering. Table II shows that the 
results are wholly comparable with those obtained with Rous No. 1 virus, 
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whether the source of the Fujinami virus was duck or fowl. It is unlikely, 
therefore, that the Fujinami virus is very different in size from the Rous No. 1. 


TaBLeE II.—Filtration of Fujinami Virus. 


M.I.D. per c.c. A.P.D. of mem- M.I.D. per c.c. 


Source of 
i (stock virus). brane in p. (filtrate). 


Washing. 
virus. 


Duck . None ; 1000 ‘ 0:40 g About 10 
a ; i ; 1000 y 0-25 , 1 

ve ‘ 100 to 1000 Ss 0-25 . 0 

a : mm ‘ Ditto ; 0-20 ; 0 

Fowl . 3 times ; 1000 0-25 : 1 
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Centrifuging Experiments. 


We are at present using the method of centrifugation in an attempt to test 
the validity of deductions from filtration experiments as to the sizes of the 
Rous and other viruses. These will be reported later ; preliminary tests are 
consistent with the view that the Rous virus has a diameter of about 0-1lu. 


Summary. 


Partially purified Rous No. 1 fowl tumour virus has been filtered through 
graded collodion membranes. The least permeable membrane permitting 
virus to pass was one having an average pore diameter of 0-25y, the indicated 
end-point for complete retention being 0-2u. Reasons are given for believing 
that this result indicates that the virus particles have a diameter of about 
0-lu. Ifso, the Rous virus resembles in size the larger rather than the smaller 
viruses, and should be just within the limits of resolution by ultra-violet 
light. A few experiments suggest that the Fujinami virus has about the same 
size as that of Rous No. 1, whether it is obtained from tumours growing in 
fowls or ducks. 
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IN a previous paper one of us (Tompsett, 1934a) has described a method for 
the determination of the copper content of blood. The proteins were precipi- 
tated with trichloro-acetic acid and the determination made directly on the 
filtrate. Sodium pyrophosphate was added to prevent interference by iron, 
and the filtrate made slightly alkaline with ammonia. Amyl alcohol was 
then added, followed by sodium diethyldithiocarbamate solution ; copper 
forms a yellow colour with the latter substance, which is extracted by the 
organic solvent upon vigorous shaking. The amyl alcohol layer was next 
removed, filtered to remove suspended particles of water and compared in a 
colorimeter with a standard similarly prepared. An amount of trichloro-acetic 
acid filtrate equivalent to 4-5 ml. blood was used and the standard contained 
0-01 mg. Cu. 

It was found (Tompsett, 1934a) that human blood contained 0-18-0-23 mg. 
Cu per 100 ml. Comparing samples of whole blood and plasma or serum, 
copper appears to be more or less equally distributed between the corpuscles 
and the plasma. 

Many authors have reported increased values for the copper content of 
blood in pregnancy. Amongst these may be mentioned Warburg and Krebs 
(1927), Krebs (1928) and Locke, Main and Rosbash (1932). The normal values 
obtained by these writers were very much lower than those obtained by one 
of us (Tompsett, 1934a), while. the: values in pregnancy were of the order 
obtained by us in non-pregnant ‘subjects. Using a spectrographic method, 
Sheldon and Ramage (1931) noted that the copper contents of pregnant bloods 
were higher than those of other ad.slt bloods. It was decided, therefore, to 
investigate the copper content of the blood in pregnancy. 


EXPERIMENTAL. 


The determinations were made on oxalated whole blood according to the 
technique previously described (Tompsett, 1934a). The potassium oxalate 
used was copper-free. The hemoglobin content of the bloods was measured 
in a Sahli hemoglobinometer. Normal pregnancies and cases of anzemia 
of pregnancy were investigated. The results are shown in Tables I and II 
respectively. 

It will be seen that, in the ordinary course of pregnancy, in the majority of 
cases there is a definite increase in the copper content of the blood—this 
increase appears to occur in the last three months of pregnancy. What is 
the significance ? The Wisconsin workers (Hart et al., 1927; 1928; Waddell 
et al., 1929; Elvehjem and Sherman, 1932) have shown that new-born rats 
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TABLE I. 
(The results are expressed in mg. Cu. per 100 ml.) 


4 months’ pregnancy : | At term: 
1 ; ‘ . 0-200 | 17 
2 : : . 0257 18 
5-6 months’ pregnancy : 19 
3 ; ; . 0-216 20 
0-228 | 21 
0-228 22 
0-232 | 23 
0-246 | 24 
: . 0-255 25 
‘ : : . 0-284 26 
10 ‘ . . 0-363 
7 months’ pregnancy : 
11 ‘ ‘ . 0-204 
12 . : . 0-255 
13 E ; . 0°286 
14 . ‘ . 0-286 
8 months’ pregnancy : 
15 ; : . 0-250 
16 ; ‘ . 0367 


TABLE IT.—Anemias of Pregnancy. 
(The results are expressed in mg. Cu per 100 ml.) 


Stage of Percentage 
pregnancy. hemoglobin. Copper. 


46 : 0-217 

32 ; 0-210 

7 34 ; 0-2i1 
7 34 2 0-318 
8 48 , 0-256 
8 ‘ : 38 ‘ 0-252 
8 ° = 42 5 0-234 
8 36 / 0-264 
8 35 : 0-274 
A 41 ‘ 0-286 
45 ; 0-316 

46 , 0-244 

: : 51 ; 0-247 

re : : 39 : 0-297 
Early puerperium... 44 ; 0-272 
‘ 42 ° 0-238 

48 . 0-312 

51 . 0-263 

46 2 0-250 


PPK S errr 
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fed on a diet of cow’s milk after weaning develop an anemia. Addition of 
purified iron salts to the diet causes no abatement of the anemia, although iron 
is stored in the liver. The further addition of copper, however, produces a 
marked reticulocyte response and hemoglobin increase. These results have 
been confirmed by others (Cunningham, 1931; Josephs, 1932; Muntwyler 
and Hanzal, 1933). Furthermore, Cunningham and Josephs have shown that 
copper feeding reduces the iron in the liver and tissues, and increases that in 
the blood. It would appear, therefore, that copper is essential for blood 
formation even when an excess of iron is present. Dieckmann and Wegner 
(1934) have shown that in pregnancy, although there is a slight decrease in 
the percentage of hemoglobin and the number of red blood-cells per c.mm., 
there is a very large increase in the blood volume, which begins as early as the 
second trimester and reaches a maximum at term. It is obvious that during 
such periods the rate of hemoglobin and red blood-cell formation must be 
very much increased. 

The demands of the foetus must also be considered. Milk is deficient both 
in iron and copper. During the period between birth and weaning, an anemia 
would develop in the young infant were other sources of these metals not 
available. During foetal life a reserve of these metals is laid down in the tissues, 
and especially the liver, for use during this vital period. This has been amply 
shown by McHargue (1925), Kleinmann and Klinke (1930), and Sheldon and 
Ramage (1931), who found that the concentration of copper in foetal organs, 
especially the liver, is very much higher than in adult tissues. 

The figures in Table II of blood-copper values in anzemias associated with 
pregnancy are not strikingly different from those observed during normal 


pregnancy. Whether copper deficiency has any etiological significance in the 
toxemic manifestations of the pregnant state has not as yet been assessed. 
One of us (Tompsett, 19346) has shown that normal mixed diets contain 
2-2-5 mg. Cu per diem, which appears to be sufficient for all needs. 


In conclusion the writers wish to thank Dr. D. P. Cuthbertson for his 
advice and criticism, and to express their gratitude to the Medical Research 
Council for a grant towards expenses (S. L. T.) and for a part-time personal 
grant (D. F. A.). 
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In the course of an infection with a filterable virus, the serum of the 
infected host acquires certain, specific, antiviral properties. By virtue of one 
of these properties, the virus may be rendered innccuous when it is mixed 
with a suitable quantity of the immune serum and administered by certain 
routes. The nature of the substance or antibody involved in this process 
and the mechanism of its effect are as yet little understood. By analogy 
with some of the better-known mechanisms of immunity obtaining among 
bacteria, there have been two main approaches to the problem. Some inves- 
tigators are inclined to explain the available data on the basis that the antiviral 
substance in immune serum, when it combines with the virus, merely “ sensi- 
tizes”’ it, and that the final destruction or inactivation is accomplished by 
phagocytic cells. Others are of opinion that the inactivation of the virus 
bears a closer resemblance to the neutralization of toxin by antitoxin in the 
sense that neither complement nor phagocytes are required to complete the 
protective mechanism. There are, however, certain observations on the mode 
of action of antiviral sera which are not in good agreement with either one of 
these hypotheses. 

The mechanism of immunity to filterable viruses is undoubtedly conditioned 
to a great extent by their obligate intracellular parasitism. The antiviral 
substance must exert its action before the virus ‘‘ enters’ the cell, for once 
the cell is infected, the immune substance appears to be without effect. 
Moreover, many viruses are capable of acquiring this safe, ‘“‘ intracellular ” 
position within a very short time. Andrewes (1929a) showed that when 
immune serum is injected into the skin before or simultaneously with vaccine 
virus no lesion results, but if the serum is withheld for as short a time as 
five minutes, a skin lesion is not prevented. He was able to demonstrate the 
same phenomenon in vitro in tissue-containing cultures with Virus III 
(Andrewes, 19295) and herpes (Andrewes, 19306), for, when the immune 
serum and virus were added to the tissue simultaneously, no inclusions formed, 
while delaying the addition of immune serum even for a short time allowed 
their development. Very much the same thing has been shown to occur 
with vaccinia in in-vitro cultures of rabbit cornea (Rivers, Haagen and Mucken- 
fuss, 1929). From these observations it may be assumed that both in vivo 
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and im vitro, in the presence of susceptible tissue, the antiviral substance 
must, and indeed does, act very rapidly, and the assumption that phagocytic 
cells are required to render the virus non-infective loses much of its ground. 
That the antiviral serum can prevent infection of tissue and multiplication of 
the virus in in-vitro cultures, in which phagocytes could be playing little or 
no role, has been observed by many investigators (Steinhart and Lambert, 
1914; Nye and Parker, 1929; and others subsequently). 

On the other hand, the evidence for the direct inactivation of virus by the 
immune serum in vitro is not quite satisfactory. That the antiviral serum 
neither “ killed ’’ nor irreversibly inactivated the virus became evident from 
the observations that simple dilution of an inactive serum-virus mixture 
could render it infectious (Todd, 1928; Andrewes, 1928; Schultz, Gebhardt, 
and Bullock, 1931). In this respect one may perhaps assume an analogy 
with toxin-antitoxin reactions. But the union between toxin and antitoxin 
becomes firm within a short time, while with viruses which do not readily 
deteriorate, reactivation by dilution is possible even after prolonged incubation 
(Andrewes, 1928). Andrewes (1928) showed that even after 24 hours’ incu- 
bation, active virus could be recovered from inactive mixtures not only by 
dilution but also by adsorption on kaolin, by precipitation, or by simply 
allowing plasma to clot in the mixture. Again, whereas toxin and antitoxin 
react quantitatively, each being used up in the reaction, it would appear that 
there may be no such combination in the case of the antiviral substance. 
When a mixture of antivaccinial serum and an excess of virus is incubated for — 
24 hours and then put through a filter which holds back the virus, one finds 
the antiviral substance in the filtrate in practically undiminished concentration 
(Andrewes, 1928). At that time Andrewes felt that there was either only a 
very feeble union or no union at all between the virus and antivirai substance ; 
two years later (1930a) he reported that when incubation is prolonged for a 
week or more it becomes more difficult to recover virus from immune serum 
mixtures by the methods of dilution or adsorption, and suggested that complete 
inactivation of the virus may perhaps require many days. But, as he pointed 
out, that was an assumption which was not in good agreement with the almost 
immediate effectiveness of immune serum in the presence of certain susceptible 
tissue. Long and Olitsky (1930), who recovered vaccinia from inactive 
mixtures by cataphoresis as well as by dilution, found almost the original 
quantity of virus in some mixtures even after a month’s incubation in the 
cold, and stated in a discussion of their results that while some of the observed 
phenomena might be interpreted as following the law of mass action, “no 
conclusive evidence could be noted of union occurring between virus and it 
immune serum ’’. ; 

Andrewes (1928) and Todd (1928) simultaneously described a phenomenon 
which is difficult to correlate with any accepted hypothesis of the mechanism 
of immunity to viruses. Andrewes observed that mixtures of immune serum 
and vaccinia which were “ neutral ”’ or inactive in the skin were fully infectious 
when injected into the brain, testis, or directly into the circulation; even 
amounts of virus which were within the minimal infective zone by the intra- 
cerebral route, could not be easily “neutralized”’. Similar results were 
obtained with Virus III. Todd found that mixtures of fowl-plague and 
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immune serum which were inactive when injected intramuscularly were 
infectious when given intravenously, although, as he pointed out, more free 
virus is required to infect by the intravenous than by the intramuscular 
route. 

This short and obviously incomplete review of observations, which appear 
not to be in agreement with any accepted hypothesis of the mode of action 
of the protective substance in antiviral sera, is given to indicate the incentive 
to the present investigation. 


PLAN OF PRESENT INVESTIGATION. 


Since the protective, antiviral substance is capable of exerting its action 
in vitro in a simple system consisting of minced, susceptible tissue, immune 
serum and virus, it appeared probable that an analysis of the role and the 
fate of each of the constituents in the consummation of the immune process 
might yield a little additional information on the mechanism of immunity to 
filterable viruses. The purpose of the first part of this investigation, therefore, 
was to determine whether or not any combination between virus and the 
protective substance in immune serum could be demonstrated in the absence 
of susceptible tissue. The plan was to study the reaction in two types of 
mixtures, one with the serum in excess and the other with virus in excess. 
It appeared that if one worked with viruses which it might be possible to 
centrifuge down, a simple method would be available for separating the 
constituents in the reaction mixture. For if a given virus combined with the 
protective substance, even though in a very weak union, one would expect to 
find the reaction product in the centrifugalized sediment. Although many 
investigators succeeded in showing that some concentration in the lower 
layers was possible by high-speed centrifugation of certain virus suspensions, 
the question was not entirely clear nor the principle practically applicable 
until Eagles and Ledingham (1932) demonstrated with vaccinia that at a speed 
of 12,000—14,000 r.p.m. it was possible completely to deplete potent, Berkefeld - 
“VY ” filtrates of virus, and that practically all the virus could be recovered 
from the resulting sediment. Recently the same was accomplished with the 
B Virus (Sabin, 19346), and during the course of the present investigation, 
with pseudorabies. 

These three viruses were accordingly used to study the effect of immune 
serum in vitro. Known quantities of virus were mixed with immune serum 
and for control with normal serum, and after varying periods of incubation 
the mixtures were centrifuged at 14,000 r.p.m. for 3 hours, which is the time 
required for the complete sedimentation of the virus. The resulting sediments 
were then reconstituted in a volume of physiological saline equal to that in 
which the virus was suspended originally, and titrations for free virus 
performed by animal inoculation. Special precautions were taken to eliminate 
as far as possible certain factors which might influence the results unfavourably. 
Thus, the viruses were used in the form of Berkefeld “‘ V ”’ filtrates to avoid 
the chance that intracellular virus in tissue suspensions might not be exposed 
to the action of the serum, as well as the possibility of non-specific adsorption 
of antiviral substance on gross particles. The centrifuged sediments were 
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left unwashed in order to reduce to a minimum the opportunity for dissociation 
by dilution ; instead, the tubes were drained and the excess of serum removed 
as far as possible with absorbent cotton. This procedure made it necessary 
to choose by preliminary titrations of virus and serum only those proportions 
in which the serum was in definite, but not great, excess. Although the 
model of the ultracentrifuge employed in these studies had no cooling system, 
it was found that when it was run with the top open the temperature of the 
tubes did not exceed that of the room. 


FATE OF VACCINIA VIRUS IN A MIXTURE WITH AN EXCESS OF ANTIVIRAL 
SERUM. 


The vaccinia virus used in these studies was a neuro-testicular strain 
which had undergone numerous testicular passages in rabbits. The infected 
testes were preserved in the frozen state. Small pieces were removed when 
required, weighed, minced and ground with sand, and enough physiological 
saline added to make a 5 p.c. suspension. After centrifugation at about 
3000 r.p.m. for 15 to 30 minutes the supernatant liquid was drawn off and 
filtered through a Berkefeld “V” candle. It was found that although 
5 p.c. suspensions prepared in this manner filtered with relative ease, 10 p.c. 
suspensions did not. When these Berkefeld filtrates were stored in the cold 
room there was no appreciable diminution in potency even: at the end of a 
month. The antivaccinial serum used in the first experiment was obtained — 
from a rabbit hyperimmunized with calf lymph, but for subsequent tests 
serum was obtained from rabbits which had been inoculated intracutaneously 
with the testicular strain about 3 weeks before; these convalescent sera 
generally proved to be more potent than the hyperimmune ones. 


Infectivity of Centrifugalized Sediments obtained from Mixtures which had 
been Incubated for One Day of Vaccinia Virus with Normal Serum 
and with Immune Serum. 


The titres of the Berkefeld-filtered virus and of the antivaccinial serum 
used in this experiment are shown in Table I. The lack of proportionality 
between the amount of immune serum in the mixture and the amount of 


TaBLE I.—Titration of Vaccinia and Immune Serum used in Experiment 
recorded in Table II. 


Dilution of Immune serum in mixture. 
filtered virus eee ene ee cm aren rem 
in mixture. None. Serum 1: 2. Serum 1:10. Serum 1: 50. 


:2 -  +4+4+4++ . Ce a te 
:5 .  t4+4+4++ .. i . 
: 50 wee opr ne © : : we : oo 
: 500 j +++ : , _ ‘ _ 
: 5000 ‘ — ‘ ; 

> 50,000 =z. — . ° _ ‘ — 


0-2 c.c. of each of the serum-virus mixtures were injected intracutaneously on a rabbit’s back. 
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virus inactivated has already been pointed out by Andrewes (1928). It may 
be interesting to note, however, that the serum does not exert: an “all or 
none ”’ effect ; quantities of serum which are insufficient to prevent a lesion 
entirely are still capable of modifying it with regard to size and form. A 
“ partially inactivated ’’ mixture frequently gives rise to a rather characteristic 
effect, in which the lesion, instead of being single, consists of scattered small 
nodules with apparently normal intervening areas of skin. 

Two mixtures of serum and virus were prepared. One consisted of 1-5 c.c. 
of filtered virus and 1-5 c.c. of normal rabbit serum, and the other of 1-5 c.c. 
virus and 1-5 c.c. of immune rabbit serum. Both mixtures were then incu- 
bated at 37° C. for 4 hours and at room temperature for 24 hours. At the end 
of that time the normal serum mixture was quite clear, while the immune 
serum mixture appeared distinctly more opalescent but without any definite 
flocculation. After incubation, 0-2 c.c. was removed from each mixture for 
testing, and both mixtures were centrifuged at 14,000 r.p.m. for 3 one-hour 
periods. Both tubes contained a definite sediment. The supernatant liquids 
were carefully drawn off with a fine capillary pipette, the top c.c. being 
removed separately and saved for testing to determine whether or not all 
the virus had been sedimented. The tubes were then drained and the sides 
wiped dry with absorbent cotton, taking care not to disturb the sediments. 
Each sediment was then resuspended in 1-4 c.c. saline, and tested for the 
presence of virus by the intracutaneous injection of 0-2 c.c. of the indicated 
dilutions on a rabbit’s back. 

The results are shown in Table II. The data on the mixture of normal 
serum and virus indicate that all the virus had been sedimented by centri- 
fugation, and in view of the low titre of the original virus preparation it appears 
that most of the virus was present in the resuspended sediment. The result 
with the mixture of immune serum and virus was, however, quite unexpected. 
Although the total mixture was entirely inactive, the sediment obtained 
from it by centrifugation appeared to be quite as infective as that obtained 
from the normal serum mixture. 


TaBLE IIl.—The Infectivity of Centrifugalized Sediments Obtained from 
Mixtures of Normal Serum and Immune Serum with Vaccinia. 


Mixture from which fraction was obtained. 


° —_—_—_—_——X—sXsxS_> S790. =, 
Fraction tested. Dilution. 1-5c.c. normal rabbit 1-5c.c. immune rabbit 
serum + 1*5c.c. serum + 1-5 c.c. 
filtered vaccinia. filtered vaccinia. 


After incubation at 37°C. . Undiluted . ++++44 . ~ 
for 4 hours and room 
temp. for 24 hours 
Supernatant liquid after 
ultracentrifugation 
Sediment (in 1-4 c.c. saline) 
after centrifugation at 
14,000 r.p.m. for 3 hours 
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Two more mixtures of virus and immune serum were prepared in the 
same manner, with the exception that to one of them 0:1 c.c. of fresh guinea- 
pig serum was added to determine the effect of complement. These mixtures 
were also incubated for 4 hours at 37°C. and 24 hours at room temperature 
and centrifuged in the same manner. Samples of the mixtures before incu- 
bation and the resuspended sediments were tested for infectivity by intra- 
cutaneous inoculations on a rabbit’s back ; the results are shown in Table III. 


TABLE III.—The Effect of Fresh Complement in a Mixture of Immune Serum 
with Vaccinia upon the Infectivity of Virus Ultracentrifuged from it. 
Type of mixture. 
—————————————aEw 
lc.c.immune serum  1c.c. immune serum 
+1 ¢.c. filtered + 1 e.c. filtered 


vaccinia + 0-le.c. vaccinia + 0-1 c.c. 
saline. complement, 


Whole mixture after incu- . Undiluted . _— : “yp 
bation 4 hours 37°C. 
and 24 hours room temp. 
Sediment after centrifuga- . ; ~- +4++++ 
tion at 14,000 r.p.m. for ; +++ 
3 hours. : + 


+ 
- + 


Fraction. Dilution. 


The mixture without complement gave no reaction whatever, while that 
containing complement gave a slight skin lesion, which might have been a 
non-specific reaction to the guinea-pig serum. The resuspended sediments 
from Loth, however; were infective in high titre. It was difficult to interpret 
these data on any accepted hypothesis. Certain things appeared clear, 
however ; firstly, that in vitro in the absence of tissue, the virus is not inacti- 
vated in a mixture containing sufficient immune serum to prevent infection 
in vivo, after incubation for 4 hours at 37° C. and 24 hours at room 
temperature ; secondly, that no irreversible combination with the antiviral 
substance could have occurred in that time, for if such combination had 
occurred the sediments should have been non-infective. It remained to 
determine whether or not more prolonged incubation would modify the 
results in any way, particularly in view of the observations of Andrewes 
(1930a), that the dilution phenomenon was apparently more difficult to 
demonstrate when serum-virus mixtures were incubated for more than 4 
days. 


The Effect of Varying Periods of Incubation of Mixtures of Immune Serum 
and Vaccinia Virus upon the Infectivity of the Ultracentrifuged 
Sediments. 

In this experiment the filtered virus had a titre by the intracutaneous 


route of approximately 1: 10,000. The immune serum was a convalescent 
rabbit serum which protected against 10,000 M.I.D. in the skin even in a 
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dilution of 1:10, but not in 1:50. Four tubes were set up—three with 
immune serum and one with normal serum; each contained 1-5 ¢.c. of the 
filtered virus and 1-5 c.c. of serum diluted 1:5. All tubes were incubated for 
4 hours at 37°C., and then put in the cold room. The first immune serum 
tube was centrifuged after 2 days, the second at the end of a week, and the 
third at the end of 2 weeks simultaneously with the normal serum mixture. 
The same procedure was used as in the previous experiments. The results 
are shown in Table IV. Since the titrations were performed on the day of 
centrifugation different rabbits had to be used, but the fractions from the 
normal and immune 14-day mixtures were tested on the same rabbit so that 
these results are more strictly comparable. The data on the 14-day mixtures 
show that there was no appreciable deterioration of the virus in the normal 
serum mixture during that time, and considering the initial titre of the virus 
it was apparently recovered quantitatively from the centrifuged sediment. 
The total immune mixtures were all non-infective, while the centrifuged 
sediments obtained from them were all infective, and the concentration of the 
virus appeared to be the same as in the sediment from the normal serum 
mixture. It was observed in this experiment, as well as in the others, that 
although the titre with the “immune” and “normal ”’ sediments would be 
the same, the lesions produced by the immune sediments were generally, 
although not always, somewhat less extensive ; whether or not this was due to 
the small amount of immune serum remaining in the sediments is not definite. 


TaBLE IV.—The Effect of Varying Periods of Incubation of Mixtures of Immune 


Serum with Vaccinia upon the Infectivity of the Ultracentrifuged Sediments. 
, 1°5 c.c. normal 
1°5 c.c. immune serum diluted 1 : 5+1°5 c.c. ; 
filtered vaccinia and incubated. ees 


Fraction. Dilution. 
4 hrs. 37° C. ahrs.37°C. 4hrs.87°C. =, yaceinia,, 
2 days 1° C. 7 days 1° C. 14 days 1°C. 14 days 1° C. 


After incubation and . Undiluted . 
centrifugation 
Reconstituted sediment . 
after centrifugation at 
14,000 r.p.m. 3 hours 


The results of this experiment show rather conclusively that vaccinia is not 
inactivated in vitro in the absence of tissue even after very prolonged periods 
of incubation. There is also not the slightest evidence that any combination 
had taken place between the virus and the protective substance in immune 
serum. As was stated before, if any combination had occurred, whether 
loose or firm, one would have expected to find the product of this reaction in 
the centrifuged sediment. Even if one assumes that the reaction between 
the virus and protective substance never reached an irreversible phase—and 
I am not familiar with a similar instance in other immunological reactions—one 
would find it most difficult to explain these results. It might then be supposed 
that when the excess of immune serum is removed and the sediment is 
resuspended in saline, some dissociation occurs and a certain amount of virus 
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is set free, but that still would not explain the practically quantitative recovery 
of virus. Furthermore, on the assumption that the combination of virus and 
protective substance is always reversible, it would be difficult to explain the 
effectiveness of immune serum in any tissue, because of the greater diffusibility 
of the protective substance, unless very rapid destruction of this compound 
occurred in the presence of tissue. 


INFECTIVITY OF ULTRACENTRIFUGED SEDIMENTS OBTAINED FROM MIXTURES 
OF B VIRUS WITH NORMAL SERUM AND WITH IMMUNE SERUM. 


Before proceeding further with the study of the immune mechanisms, it 
was desirable to determine whether or not the results obtained with vaccinia 
could be duplicated with other viruses. Recently it was demonstrated that 
the B Virus (Sabin and Wright, 1934; Sabin, 1934a, 1934b, 1934c), which 
filters readily through Berkefeld “‘ N ” and Chamberland L, candles, impervious 
to B. prodigiosus, may be sedimented completely by centrifugation at 14,000 
r.p.m. for 3 hours, and that the virus may then be recovered from the sediment 
(Sabin, 1934b). When 0-2 c.c. of this virus is injected intracutaneously in a 
rabbit, a skin lesion appears at the site of inoculation which is invariably 
followed by flaccid paralysis and death ; with very small amounts of virus 
the skin lesion may be absent or negligible, while paralysis and death always 
ensue. The effect of the virus is thus unquestionable, and since a titrated, 
potent monkey antiserum was available, experiments were set up along the’ 
same lines as with vaccinia ; as, however, individual rabbits had to be used 
for each dose, the experiments could not be so extensive. 

The virus was used in the form of a Berkefeld “ V ”’ filtrate of a 10 p.c. 
suspension in saline of brain and cord. In the first experiment, 1-5 c.c. of 
virus was mixed with 0-75 c.c. of immune serum and 0-75 c.c. saline, and a 
similar mixture was prepared in which normal monkey serum, shown to be 
free of antiviral properties, was used for control. The incubation was for 
2 hours at 37° C., and 24 hours at 1°C. In the second experiment two similar 
immune serum mixtures were prepared, with the exception that one contained 
0-75 c.c. of fresh guinea-pig serum (complement) instead of saline, and that 


TaBLE V.—Infectivity of Ultracentrifuged Sediments Obtained from Mixtures 
of Normal Serum and Immune Serum with B Virus. 
Fraction. 


siccccieieetllt 
Mixture. Incubation. After incubation and _—Reconstituted sediment 
before centrifugation. after centrifugation. 
1-5 c.c. virus + 0°75 c.c. saline . 2 hours 37°C. . No skinlesion: . S.5, Par. 9, D. Il. 
+ 0-75 c.c. immune serum 24 * 5, aa Survived 
1:5 c.c. virus + 0-75 c.c. saline . Same g Not tested . 48.4, Par. 8, D.9. 
+ 0°75 c.c. normal serum 
1-5 c.c. virus + 0°75 c.c. saline . 4 hours 37°C. . Noskinlesion. . S.7, Par. 11, D.13. 
+ 0°75 c.c. immune serum 26g BES. Survived 
1-5 c.c. virus + 0°75 c.c. comple- . Same ‘4 Not tested . 8.9, Par. 15, D.17. 
ment + 0°75 c.c. immune serum 


0-2 c.c. of such fraction was injected intracutaneously in individual rabbits. 
8.5, Par. 9, D. 11 = Skin lesion 5th day, paralysis 9th day, dead 11th day after inoculation. 
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the incubation was for 4 hours at 37° C. and 24 hours at room temperature. 
There was no evidence of flocculation or increased opalescence in these 
mixtures. Samples were removed from each mixture at the end of incubation, 
and centrifugation was carried out at 14,000 r.p.m. for 3 one-hour periods. 
The subsequent manipulations were the same as in the vaccinia experiments. 
0-2 c.c. of the mixtures before centrifugation and of the reconstituted sediments 
were injected intracutaneously into individual rabbits, and the results are 
shown in Table V. It may be seen that, as with vaccinia, while the total 
immune serum mixtures were non-infective, the sediments obtained from 
them by ultracentrifugation were infective. 


INFECTIVITY OF ULTRACENTRIFUGED SEDIMENTS OBTAINED FROM MIXTURES 
OF PSEUDORABIES VIRUS WITH NORMAL SERUM AND WITH IMMUNE 
SERUM. 


Pseudorabies is another virus which filters somewhat more readily than 
vaccinia and gives rise to a clean-cut syndrome in rabbits. The first experi- 
ment was designed to determine whether or not pseudorabies could be ultra- 
centrifuged in the same manner as vaccinia and the B Virus. A 10 p.c. 
suspension in saline of infected rabbit brain was filtered through a Berkefeld 
““V” candle, and the filtrate submitted to centrifugation at 14,000 r.p.m. 
One sample was centrifuged for two 1-hour periods and another for three 1-hour 
periods. After centrifugation the supernatant liquids were drawn off with a 
fine capillary pipette, and the sediments reconstituted with saline to the 
original volume. The supernatant liquids and the sediments were then tested 
for virus by injecting 1 c.c. subcutaneously into individual rabbits. The 
reconstituted sediments were tested undiluted and in dilutions of 1: 10 and 
1: 100. The potency of the Berkefeld “V’”’ filtrates prepared in this manner 
was such that either no effect or only inconstant results could be expected 
from the 1: 1000 dilution. The results are shown in Table VI. The rabbit 
injected with the 2-hour supernatant liquid died atypically at the end of 10 
days, while the one injected with the 3-hour supernatant liquid survived ; 
both reconstituted sediments were infective, however, in the 1 : 100 dilution. 
It was thus evident that pseudorabies could be readily ultracentrifuged, and 
experiments with immune serum were set up. 


TaBLE VI.—Ultra-centrifugation of Berkefeld “‘V”’ Filtered Pseudorabies Virus. 


= A a Fraction tested. Dilution. Rabbit No. Result. 


2 hours . Supernatant liquid . Undiluted . 235* » D. 240 
‘ Reconstituted sediment . ss Hai 240 ° D. 88+ 

1:10 " 241 8 D. 110 

1: 100 : 242 ‘ D. 160 

Supernatant liquid . Undiluted . 243 . Survived. 
Reconstituted sediment . e é 244 , D. 88 
1:10 4 " 245 ‘ D. 110 
1: 100 ° 246 ‘ D. 144 


1 c.c. of each fraction was injected subcutaneously. 
* Rabbit 235 died with an encephalitic syndrome, and a suspension of its brain failed to kill a 
guinea-pig. 
+ D. 88 = found dead 88 hours after inoculation with evidence of biting of the injected zone. 
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The antipseudorabies serum came from immune swine, and was available 
through the courtesy of Dr. R. E. Shope, of the Rockefeller Institute in 
Princeton, N.J. Normal swine serum was used as control. Two sets of the 
following mixtures were prepared: (a) 1-5 c.c. of Berkefeld ‘‘V”’ filtered 
virus +.1-5 e.c. normal serum, and (b) the same amount of virus +-.1-5 c.c. of 
immune serum. One set of mixture (a) was incubated for 8 hours at 37° C. 
and for 24 hours at room temperature, and the other for 7 hours at 37°C. 
and. 14 days at 1°C. There was no evidence. of flocculation or increased’ 
opalescence at the end of incubation. Centrifugation at 14,000 r.p.m. was for 
three 1-hour periods, and the subsequent manipulations were the same as with 
vaccinia and B Virus. The results are shown in Table VII. It may be seen 
that at the end of 14 days.in the cold room there was virus neither in the 
normal serum nor the immune serum mixtures, and it is evident that this 
virus is far less resistant to spontaneous inactivation than vaccinia. But in 
the mixtures incubated for 8 hours at 37° C. and 1 day at room temperature 
the virus persisted, and the results were again clean-cut. Whereas the whole 
immune serum mixture was non-infective in the rabbit, the ultracentrifuged 
sediment obtained from it was apparently as infective as that derived from 
the normal serum mixture. 


TABLE VII.—Infectivity of Ultracentrifuged Sediments Obtained from Miztures 
of Normal Serum and Immune Serum with Pseudorabies Virus. 


Amount 
injected 
(e.c.). 


° 0-5 
0-5 
1-0 


Fraction tested. ‘Dilution. 


Undil. 
1:10 


Undil. 


Result. 


D. 114* 
D. 138 


Survived. 


Incubation. 


1-5 c.c. filtered virus+ 8 hours 37° C. 
1-5 c.c. normal serum 6 gg. 18°C, 
1:5 c.c. filtered virus + 8 hours 37° C. 


1-5 c.c. immune serum 
ie 


Mixture. 


Sediment after . 
centrifugation 


Before 
centrifugation 
Sediment after . 
centrifugation 


18° C. D. 116 


D. 192 


0-5 


1:10 0-5 


1-5 c.c. filtered virus + 
1-5 c.c. normal serum 


1-5 c.c. filtered virus+ 
1-5 c.c. immune serum 


7 hours 37° C. 
11°C. 
7 hours 37° C. 


14 days 


' 14 days 1°C. 


Ditto 


Before 
centrifugation 


Sediment after . 


Undil. 
1:10 


Undil. 


0-9 
1-0 : 
1-0 


0-9 


. Survived. 


” 


” 


” 


centrifugation 1:10. 1-0 
The inoculations were made subcutaneously into rabbits. 


* D. 114 = dead 114 hours after inoculation with evidence of biting the injected zone. 


The results obtained with vaccinia were thus confirmed with two other 
viruses, and the conclusions that the virus was not inactivated by immune 
serum in vitro as well as the assumption that there was no evidence of 
combination with the protective substance in the system studied were 
strengthened. 


ABSORPTION OF PROTECTIVE SUBSTANCE. 


In the preceding experiments the mixtures of antiviral serum and virus 
studied contained an excess of protective substance ; in such a system there 
was no evidence of combination: between the two:agents. It was, therefore, 
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desirable to study a system with the virus in excess, and to determine the fate 
of the protective substance. The literature contains no satisfactory evidence 
that the protective substance can be absorbed specifically from antiviral sera. 
Friedberger and v. Eisler (1907) claimed to have absorbed out “ rabicidal ”’ 
antibodies with virulent brain, but their conclusions are not warranted because 
they failed to remove the excess of virus used for absorption. More recently 
Havens and Mayfield (1932) reported the absorption of the “specific anti- 
bodies ” from immune rabies serum, but what they actually showed was the 
absorption of agglutinating and flocculating antibody; they present no 
evidence that the protective substance was absorbed. Similar absorptions of 
the agglutinating and flocculating antibodies have been demonstrated with 
vaccinia (Craigie, 1932). But Andrewes (1928) showed distinctly that when 
antivaccinial serum is incubated with an excess of virus and the virus is 
subsequently removed by filtration, there is no evidence of diminution in the 
protective capacity of the treated serum. Smith (1930) claimed to have 
shown specific absorption of the protective substance from antivaccinial and 
antiherpes sera by using large amounts of virus-containing tissue, but an 
examination of the protocols does not reveal very striking and significant 
differences, and although normal and heterologous virus tissues were used for 
control, there is no indication of the amount of non-specific absorption. Gay 
and Holden (1933) state that they have been unable to demonstrate specific 
absorption of herpes antibodies with herpetic brain. Jungeblut (1934) was 
unable to remove the protective substance from convalescent antipoliomyelitis 
serum by prolonged contact in vitro with large quantities of virus, although 
he did find it possible to effect non-specific absorption on some occasions with 
sheep, rabbit and human red cells. 


Fate of the Protective Substance in a Mixture of Antivaccinial Serum and an 
Excess of Virus. 


The virus used in this experiment was in the form of a Berkefeld “ V” 
filtrate. The mixture was made up as follows: 5 c.c. virus + 4:5 c.c. saline 
+ 0-5 c.c. immune serum. The serum was thus in a 1: 20 dilution. The 
mixture was incubated for 4 hours at 37° C., and 24 hours at room temperature. 
There was definite, although slight, flocculation. After incubation a sample 
was removed to test whether or not an excess of virus had been used, and the 
remainder was put through a Seitz filter. The filtrate was tested by itself to 
ensure that it contained no virus. The Seitz filtrate and the untreated serum 
diluted 1 : 20 were then mixed with various dilutions of virus; the mixtures 
were injected intracutaneously in the same rabbit. The results are shown in 
Table VIII. It may be seen that the original mixture just before filtration 
contained an excess of virus, and that the filtrate contained none. The 
filtrate, however, “‘ neutralized ’’ additional virus as well as the untreated 
serum; if the 6-day readings are taken the filtrate in this case appears to 
be even better than the untreated serum, but one cannot regard such differences 
even on the same rabbit as significant. It was thus quite clear that in a 
mixture of antiviral serum and an excess of virus there was no evidence of 
combination between virus and protective substance. These results are in 
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complete agreement with those obtained by Andrewes (1928) in many similar 
experiments. They are particularly significant in this experiment, since 
flocculation occurred in the mixture. The flocculation, however, was slight. 
In another experiment in which flocculation was heavy, it was found that 
after light centrifugation (about 1500 r:p.m. for 5 minutes) the floccules had 
not only carried down all the virus, but had also adsorbed sufficient protective 
substance to diminish appreciably their infectiveness. When, however, an 
identical mixture: was prepared from the same virus filtrate and the same 
serum and it was incubated for the same period (4 hours at 37°C. and 24 
hours at room temperature) the flocculation did not occur. This experience 
shows that coarse flocculation, when it occurs, may conceivably modify the 
results of both ultracentrifugation and absorption experiments, and give 
misleading information. 


TaBLE VIII.—Fate of the Protective Substance in a Mixture of Anti-vaccinial 
Serum and an Excess of Virus. 
Result. 
Mixture. Fraction. Dilution. Days after inoculation. 


Before filtration . None 
Anti-vaccinial serum + Seitz filtrate 
virus in excess ! Seitz filtrate 
Incubation—4 hrs. 37° C.| -+ additional virus 
24 hrs. 20° C. in indicated 
dilutions 
Anti-vaccinial serum + . Untreated serum . 
saline + virus in 
indicated dilutions 
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Effect of Treating Antiherpes Serum with Large Amounts of Tissue Containing 
Homologous and Heterologous Virus. 


The technique employed in these experiments was essentially the same as 
that used by Smith (1930). 7 c.c. of diluted antiserum was used for grinding 
up 4-7 g. of virus testis. In the first experiment vaccinia testis was used for 
control, and in the second, Virus III testis. The incubation was for 5 days 
at room temperature in the first experiment, and for 3 days at 37° C. in the 
second. After incubation the mixtures were centrifuged at 5000-6000 r.p.m. 
for 1 hour, and the supernatant liquids, which were very viscous, were 
filtered with difficulty through a Seitz filter. The untreated serum and the 
filtrates were then mixed with fresh herpes virus (testicular passage of the 
Perdrau EL, strain), and titrated by intracutaneous injection on a rabbit’s 
back. The results are shown in Table IX. In the first experiment, in which 
a very potent serum was used, no absorption was demonstrable with either 
the homologous or the heterologous virus tissue. In the second experiment, 


6 
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TaBLE IX.—Effect of Treating Anti-herpes Serum with Large Amounts of Virus- 
containing Tissue. 
‘eid i sais silence Test for virus in treated 
ution of herpes virus in noc . serum. 
Fluid tested for antiviral tution. 
3 1:20. 1: 100. 1: 1000. 1: 5000. 


a, 
Before After 
filtration. _ filtration. 


None : . ; 5 -t¢4+4+.44++. 44+ is. _ 
4 | Anti-herpes serum “W.S.”—. 1: See ere ee le vee, Vinge ye?” 
untreated . ’ . ee -_ = 
{ Anti-herpes serum “ W.S.” . 1: a 
treated with herpes testis 
Anti-herpes serum “‘ W.S.” . 1: _ = 
treated with vaccinia testis 


Experiment I 


Experiment IT 
aa See 


None . . : . 

Anti-herpes serum 73—uwun- . 
tr 

Anti-herpes serum 73 treated 
with herpes testis 

Anti-herpes serum 73 treated 
with Virus III testis 


with a less potent serum, there was evidence of absorption, but the hetero- 
logous (Virus IIT) tissue absorbed as much as the homologous, herpes tissue. 

It was thus again apparent that there was no evidence that the protective 
substance combined with the virus in vitro. 


DISCUSSION. 


The purpose of the first part of this investigation was to determine, as far 
as possible, whether or not the protective substance in antiviral serum 
combined with virus in vitro and in the absence of tissue. Ultracentrifugation, 
which has not hitherto been employed in studies on immunity to filterable 
viruses, was used as an aid in the analysis of the course of events. When 
ordinary bacteria interact with antibody and are subsequently centrifuged, 
they carry down with them not only the antibody with which they have 
combined chemically, but also a certain amount by non-specific adsorption. It 
appeared, therefore, that if the protective substance in antiviral serum 
combined with the virus, the centrifuged sediment should contain the product 
of such a combination and should not be infective if such combination is all 
that is necessary to prevent infection of tissue; even if a third factor were 
necessary to complete the inactivation of the virus, it should have been 
available since the test for free virus was carried out in vivo. Actually, 
however, the results were quite unexpected. Non-infective mixtures of 
antiviral serum and vaccinia, which had been incubated for 1 to 14 days 
in vitro, upon centrifugation at 14,000 r.p.m. for 3 hours yielded sediments 
which were fully infective and contained free virus in apparently undiminished 
concentration. Similar results were obtained with pseudorabies and B Virus 
non-infective mixtures. Furthermore, when mixtures of antiviral serum with 
virus in excess, 7. e. infective mixtures, were incubated and then filtered to 
remove the virus, the filtrates were found to contain as much protective 
substance as the original serum. 
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Whichever way the experiment was done it appeared that when virus was 
mixed with immune serum and incubated for long periods of time, one could 
recover either the virus or the protective substance almost quantitatively by 
such simple physical means as centrifugation or filtration. The question 
naturally arose whether or not it was possible to assume that union between 
virus and protective substance had ever occurred under the conditions of 
these experiments, and whether the data could be correlated with any accepted 
hypothesis of the mechanism of immunity. If one examines by analogy the 
mechanism of direct inactivation of toxin by antitoxin, one finds that although 
there is an early stage in which the reaction is partly reversible by such simple 
means as dilution, or precipitation of one or another of the reagents, the 
combination becomes irreversible after a certain time which varies with 
different toxins. Again, the compounds of bacteria or bacterial antigens and 
their antibodies are not known to be completely reversible by slight or even 
excessive washing or dilution, or by filtration, and there is little reason to 
believe that antigen-antibody reactions with viruses, when they occur, can be 
very different. Andrewes and Elford (1933), in studying the action of certain 
antiphage sera, observed that although a great excess of antibody is apparently 
necessary for the inactivation of the phage, an irreversible stage is reached 
when the removal of the excess of antibody does not result in reactivation of 
the phage. The action of the antiphage serum differs from that of an antiviral 
serum in other respects as well. Is it possible to assume that unlike other 
antigen-antibody compounds, the alleged compound of virus with protective 
substance is so constantly and completely reversible that by merely removing 
the excess of one or the other of the reagents the equilibrium is changed in 
the direction of complete dissociation ? It would be difficult to visualize, 
then, how inactivation of a virus would be possible in any tissue im vivo, for 
as the immune serum would diffuse away more rapidly than the virus, infection 
would ensue unless some mechanism for the rapid destruction of combined 
virus were available in the tissues. It is for this reason that further discussion 
of this problem must await the determination of the fate of the virus in the 
presence of susceptible tissue. 


SUMMARY. 


1. Mixtures of vaccinia virus and an excess of immune serum incubated 
for periods of 1, 7 and 14 days yield, upon centrifugation at 14,000 r.p.m. for 
3 hours, sediments in which the virus is fully infective and present in 
practically undiminished concentration. 

2. The presence of complement in the mixture does not affect the outcome. 

3. Similar results were obtained with pseudorabies and B virus mixtures. 

4. The protective substance is present uncombined in undiminished 
concentration in suitable filtrates of mixtures of antiviral serum and an excess 
of virus which had been incubated for various periods of time. 

5. The evidence obtained in these experiments does not support the 
conception that the virus combines with the protective substance im vitro and 
is thereby inactivated. It appears rather that, under the conditions of 
these experiments, there is no union at all between the virus and the protective 
substance in antiviral serum. 
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It has: been demonstrated by several investigators (Andrewes, 1929a; 
19306 ; Traub, 1933) that when certain viruses are added to a medium con- 
sisting of surviving minced susceptible tissue suspended in Tyrode’s solution 
and normal serum, they are capable not only of multiplication, but also of 


“ec 


giving rise to “‘inclusions’’ which are characteristic of infection with the 
particular virus in vivo. When, however, immune serum is added to the 
mixture before or simultaneously with the virus, the inclusions do not form, 
and since the mixture remains non-infectious there is reason to believe that the 
cells are not “invaded ”’ and the virus does not multiply (Andrewes, 1929b, 
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19306). Very little work has as yet been done on the mechanism of this 
immune process. All that is definitely known is that if the virus is added to 
the tissue first, and the immune serum is withheld for even a short time, it 
rapidly “‘invades ” the cells, and the protective substance is without effect 
(Andrewes, 1929a; Rivers, Haagen and Muckenfuss, 1929). Since, however, 
only three constituents are involved in this in-vitro process, it ought to be 
possible by various manipulations to determine, in part at least, the course of 
events and the point of attack of the protective substance. The experiments 
reported in the preceding communication (Sabin, 1935) indicated that in the 
absence of tissue, the immune serum neither destroys nor alters the physical 
state of the virus in a way to prevent it from infecting susceptible tissue in 
vivo, when the excess of immune serum is removed; indeed, no evidence could 
be obtained that the protective substance combines with the virus. Yet, as 
was pointed out above, in the presence of immune serum susceptible tissue is 
not infected by the virus. Howis infection prevented, then ? Is the protective 
substance capable of destroying or inactivating the virus in the presence of 
the tissue ? If that were the case it should prove impossible to recover active 
virus from such a mixture. If one found, however, that the virus could be 
recovered in an active state, one would be compelled, by a process of elimina- 
tion, to consider that the protective substance might act upon the only other 
constituent in the mixture, namely, the tissue. The following experiments 
were planned with these points in mind. 


FATE OF VACCINIA VIRUS IN A MIXTURE OF TISSUE AND IMMUNE SERUM 
COMPARED WITH THAT IN A MIXTURE OF TISSUE AND NORMAL 
SERUM AFTER 24 HOURS AT 37° C. AND AT THE 
END OF 3 DAYS AT 37° C. 


The task proposed in these experiments would have been easier if more 
were known about the mode of infection of susceptible tissues with a virus 
under normal conditions. It is generally assumed that the virus rapidly 
establishes some form of intimate association with the cell, and under favourable 
circumstances proceeds to multiply. In the belief that the cell is surrounded 
by some sort of impermeable or semi-permeable membrane, it is usually stated 
that the virus must acquire an intracellular position, although there is not 
definite proof of this in most instances. However, the difficulty of washing 
infected tissues free from virus and the persistence of virus in repeated wash 
fluids have been explained partly on this basis. These considerations were 
obviously of importance in arriving at a method of studying the course of 
events in a tissue-containing culture of virus and the modifications induced by 
the introduction of immune serum. Would it be possible to show that under 
normal conditions the virus associates itself with the cells in such a way that 
subsequent washing fails to remove it and that in the presence of immune 
serum such association does not occur ? It appeared that if mixtures of tissue 
with normal serum and with immune serum were studied side by side, and 
the various constituents were separated as far as possible after varying periods 
of incubation, some conception might perhaps be gained of what happened. 
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The first experiments were carried out with vaccinia virus. The tissue 
employed in the cultures consisted of finely minced testis obtained from a 
half-grown rabbit, weighing about 1000 g. Previous experience with the 
cultivation of this virus indicated that the testes of mature rabbits did not 
give satisfactory results. The minced testis was weighed and suspended in 
Tyrode’s solution, so that approximately 100 mg. of the tissue would be contained 
in lc.c. The tissue was usually used fresh, but sometimes it was stored in the 
cold room overnight. The cultures were set up in Carrel flasks, the cotton 
plugs being covered over with tin-foil. Each culture contained 100 mg. of 
minced tissue in 1 c.c. of Tyrode’s solution, and varying quantities of normal 
or immune serum, virus and additional Tyrode’s solution usually to make a 
final volume of 2 or 3 c.c. After the cultures had been set up and incubated 
for varying periods of time, the plan of fractionation was as follows: (a) 
Separation of tissue and fluid portions of the culture by light centrifugation 
(about 2000 r.p.m) for 10 minutes ; (b) separation of tissue from freely disper- 
sible and “loosely adherent ” virus or serum by washing, and (c) separation 
of virus from free protective substance in fluid portion by centrifugation at 
14,000 r.p.m. for 3 hours. 

The object of the first experiment was to set up two identical series of 
cultures with normal and immune serum, and to fractionate one at the end of 
24 hours at 37° C. and the other at the end of 3 days at 37°C. The vaccinia 
virus was in the form of a Berkefeld “ V ”’ filtrate of a 5 p.c. testicular suspen- 
sion ; the filtrate had a titre of 1 : 100,000 when 0-2 c.c. amounts were injected 
intracutaneously in a rabbit. The anti-vaccinial serum was obtained from a 
rabbit 3 weeks after multiple intracutaneous injections of rabbit testicular 
virus ; 0-1 c.c. of a 1: 5 dilution of this serum when mixed with an equal 
amount of the undiluted virus filtrate prevented the formation of a lesion 
when injected intracutaneously in a rabbit. The cultures were made up as 
follows : 


(a) 100 mg. minced testis in 1-2 c.c. Tyrode + 0-3 c.c. immune rabbit serum + 1-5 c.c. 
filtered virus. 

(b) a i = va + 0°3 c.c. normal rabbit serum + 1-5 c.c. 
filtered virus. 


The serum was added before the virus. Little spontaneous deterioration 
or inactivation of virus was expected to occur during the 23-hour period at 
37° C., but to control that which may occur during 3 days at 37° C. the follow- 
ing mixture was prepared and incubated in a Carrel flask: 1-2 c.c. Tyrode’s 
solution + 0-3 ¢c.c. normal rabbit serum + 1-5 c.c. virus. After incubation 
each culture was lightly centrifuged, and the clear supernatant liquid drawn 
off. The tissue was then taken up in 10 c.c. Tyrode’s solution, shaken several 
times and re-centrifuged. This process was repeated three times, and after the 
final wash fluid had been decanted, the tissue was ground up with a small 
amount of sand in 0-9 c.c. Tyrode’s solution to make approximately a 1 : 10 
dilution. Since the volume of the centrifuged tissue did not exceed 0-1 c¢.c., 
the dilution of freely dispersible virus, 7. e. virus not firmly fixed to the cells, 
in the final wash fluid should have been 1 : 1,000,000; this is of interest in 
view of the amount of virus which was actually found by titration. A sample 
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of the fluid portion of the cultures was kept for testing, and the rest centri- 
fuged at 14,000 r.p.m. for three 1-hour periods to throw. down the virus. After 
pipetting off the supernatant liquid and drying the sides of the tube, the 
sediment would be reconstituted in an equivalent volume of saline. The 
titrations for virus were performed by injecting a rabbit intracutaneously with 
0-2 c.c. amounts of 10-fold dilutions. Separate sterile pipettes were used for 
each dilution. The results are recorded in Tables I and II. The + signs 
refer to the severity of the lesions and represent the readings on the sixth day, 
or earlier ones if there was evidence of generalization before that time. 

The following fractions of the cultures incubated for 2} hours at 37° C. 
were titrated, as shown in Table I: the washed tissue, the third and final 


TABLE I.—Fate of Vaccinia Virus in an Immune-Serum-Tissue Mixture Com- 
pared with that in a Normal-Serum-Tissue Mixture after 24 Hours at 37° C. 


Normal serum Immune serum 
mixture. mixture. 


Washed tissue ‘ 1G: * : +++ : ae 
10° . ye BH . 4 
10-8 ++ ; ae 
10-4 ‘ ++ ‘ + 
10-5 : a ; — 


Fraction tested. Dilution. 


Fluid portion of mixture. Undiluted ea 
10-2 : + 


10-3 é _ 
10-4 ; 
Final washings of tissue . Undiluted Z +44 
10-1 : +--- 
10-2 " a 


10 c.c. portion of Tyrode’s solution used for washing the tissue, and the fluid 
portion of the culture. The latter was tested as such rather than in the form 
of the reconstituted, ultracentrifuged sediment, as proposed, because one of the 
tubes broke during centrifugation. In analysing the data on the culture 
with the normal serum, one finds that while the titre of the virus in the washed 
tissue is 1 : 10,000, that of the fluid portion of the culture is only 1 : 100.* 
It is thus apparent that a considerable amount of the virus was firmly fixed by 
the tissue ; but does it represent virus intracellularly situated ? There must 
be doubt of that when one finds that the final wash fluid, in which any loosely 
bound or free virus should have undergone a dilution of at least 1 : 1,000,000, 


* In another experiment a similar mixture, instead of being incubated at 37°C., was left at 1°C. 
for 3 days, and when the fluid portion and the unwashed tissue were titrated separately, they both 
had the same amount of virus per unit volume, i. e. there was no fixation of the virus on the tissue. 
This is of interest in view of Andrewes’s (1930a) observation that when tissue and virus are incubated 
at 6° C. for 5 hours before the addition of immune serum, and incubation at 37° C., inclusions do 
not form, but when the tissue and the virus are left at 37° C. for even 10 minutes, prior to the addition 
of immune serum, the formation of inclusions may not be prevented ; he assumed that this suggested 
that the virus rapidly became intracellular at 37°C., but not at-0°. If the mechanism of virus 
fixation were one of pure adsorption, one would expect greater fixation at 1° C. than at 37° C. 
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i.e. a dilution in which there should have been no detectable virus, still contains 
at least as much virus as the original fluid portion of the culture. It would 
appear, therefore, as if the virus fixed on or in the cells was in some sort of 
equilibrium with that in the fluid surrounding it. 

In considering the results with the different fractions of the culture containing 
immune serum, it is necessary to remember that sufficient protective substance 
was added to counteract the virus present even in vivo, where it would have a 
good opportunity of diffusing away. To be sure, the unfractionated fluid portion 
of this culture was found to be inactive, but the tissue from which the excess 
of protective substance had been washed away contained as much, apparently, 
firmly fixed virus as that from the normal serum culture, and the final wash 
fluid was infectious, although not to the same extent as the other. As is 
shown by the + signs in the table, the lesions produced by this tissue were not 
as extensive, although the titre is the same, as with the tissue from the normal 
serum culture. The explanation is not apparent, but from work which is to 
be presented later in this communication it would seem that the tissue fixes 
protective substance as well as virus, and the modification of the size of the 
lesions may, although it is by no means certain, be due to that. 

Certain things would appear to be quite clear from this experiment: (a) 
that during this period of incubation, in the presence of both susceptible 
tissue and protective substance, the virus is neither destroyed nor its physical 
state so irreparably altered that it cannot infect other tissue when it is separated 
from the serum ; (b) that the susceptible tissue apparently fixes virus to the 
same extent as under normal conditions; and (c) that when infection of the 
tissue and multiplication of the virus are prevented by immune serum in vitro, 
it is not apparently due to any observable change in the virus. These results 
are not a chance finding, but were readily reproduced. 

The data presented in Table II are of further, as well as corroborative, 
interest. Unfortunately, in the first experiment, the virus failed to multiply 
in the “ normal-serum ” culture at the end of 3 days at 37° C. Whether or 
not it was due to the contamination which occurred is not definite. Never- 
theless, it seems that a lesson may be learned even from these data. For 
it becomes apparent that ordinarily, when, because of certain unfavourable 
conditions, the virus fails to multiply, the amount of virus associated with the 
tissue gradually diminishes, although it is interesting to note that the amount 
present in the fluid portion of the culture is.the same as that found at the end 
of 24 hours at 37°C. Considering the original titre of the virus used in these 
cultures, it appears, from the control mixture without tissue, that there has 
been at least a 100-fold diminution in the amount of virus, due to spontaneous 
deterioration at 37° C. for a period of 3 days. When one examines the data on 
the fractions obtained from the ‘‘ immune-serum ”’ culture, one finds that, after 
removing the free protective substance, they are quantitatively the same as 
those of the “‘ normal-serum ”’ culture in which multiplication failed to occur. 
Again, whereas the whole fluid portion of the “‘immune-serum ”’ culture was 
non-infective, the ultracentrifuged sediment obtained from it was infectious 
even in a dilution of 1 : 100, the same as the sediment obtained from the fluid 
portion of the ‘‘ normal-serum ” culture. In other words, even after 3 days 
at 37° C. and in the presence of tissue, the virus was not inactivated. 
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In the second experiment, the same virus preparation (titre unchanged) 
and antivaccinial serum were used, but the quantities differed as follows : 






(a) 100 mg. tissue in 1 c.c. Tyrode + 0-5 c.c. normal rabbit serum + 0-5 c.c. virus. 
(b) ” ” ” ” +0-5¢.c. immune ,, 2” + 0:5 c.c. ”» 











After incubation for 3 days at 37° C. the different fractions were obtained 
in the same manner as before. The results of the titrations are shown in Table 
II. Here it is quite obvious that the virus must have multiplied in the “‘ normal 
serum ”’ culture, for the washed tissue had a titre of 1: 100,000 ; and it is 
interesting to note that in the fluid portion of this culture the titre of the virus 
was only 1:10. However, it is clear that in the “‘immune-serum ”’ culture 
the virus did not multiply, but rather decreased in amount, apparently in 
accordance with the rate of spontaneous deterioration at this temperature. 

From these and other similar experiments it became quite definite that the 
mechanism of immunity is consummated in in-vitro cultures without destruc- 
tion or alteration of the virus as regards its infectivity. When one recalls the 
speed with which the virus can infect cells in vivo and in vitro in the absence 
of immune serum, and in view of the fact that in a mixture in which the immune 
serum had apparently acted, the infectivity of the virus is unchanged when 
removed from it by such simple means as centrifugation, it becomes difficult 
to visualize how the protective action could have been directed against the 
virus. Whatever explanation one might conjure up, it would be novel to 
immunology. 

Since the tissue was the only other factor in the mixtures under considera- 
tion, it was necessary to attempt to determine whether the immune serum had 
perhaps acted upon the tissue in a manner to render it unsuitable for the 
multiplication of the virus. 





























MULTIPLICATION OF VACCINIA IN ‘“‘ NORMAL” AND “ IMMUNE-SERUM- 
TREATED” TISSUE. 






In the preceding investigation, in which the effect of immune serum on the 
virus was studied, the two components were incubated together, and then 
separated from one another by centrifugation or filtration. By this procedure 
it could not be shown that the protective substance had combined with the 
virus. The experiments now to be described are an attempt to determine 
whether the protective substance had any effect on the tissue, and the same 
procedure was resorted to. Equal amounts (approximately 100 mg.) of minced 
testis were suspended in normal serum and in immune serum in Carrel flasks, 
so that all the bits of tissue might be equally exposed to the serum, and incu- 
bated. After incubation the tissue was centrifuged and washed sufficiently 
to dilute any loosely adherent protective substance beyond an effective con- 
centration. Thus, the volume of 100 mg. of centrifuged tissue not exceeding 
0-05 to 0-1 c.c., any loosely adherent material was diluted at least 1 : 100 when 
the tissue was washed in 10 c.c. of fluid. The washed tissue was then suspended 
in a culture medium of 2 c.c. (a further dilution of 1 : 20, and a final dilution 
of 1 : 2000), consisting of Tyrode’s solution, normal rabbit serum and virus. 
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After incubation, the fluid and tissue portions were titrated separately without 
any further washing or fractionation, since any free immune serum that might 
still be present would already be sufficiently dilute to be ineffective. 

In the first experiment the mixtures were set up as follows : 


(a) 100 mg. of minced testis in 1-2 c.c. Tyrode + 0-4 c.c. immune rabbit serum. 
(6) ” ” ” ” + 0-4 c.c. normal 2” ” 


Incubation was for 2 hours at 37° C. with occasional stirring, and then 
overnight (usually 16 hours) in the cold room. After incubation the mixtures 
were centrifuged at about 2000 r.p.m. for 10 minutes ; the supernatant liquid 
was discarded and 10 c.c. of Tyrode’s solution added to each tube, stirring 
up the tissue. The tubes were shaken several times and the centrifugation 
repeated. The supernatant liquid was again discarded, and in this instance 
another 10 c.c. of Tyrode’s added, repeating the washing a second time. The 
washed tissue from each tube was then suspended in 1 c.c. Tyrode’s solution, 
0-5 ¢c.c. normal rabbit serum, and 0-5 c.c. Berkefeld ‘‘ V ”’ filtered vaccinia. 
The amount of virus added to the culture was purposely large to make the test 
as strict as possible. The cultures were incubated in Carrel flasks for 3 days 
at 37° C. After incubation the tissue was centrifuged down, ground with 
sand and 0-9 c.c. saline to make an approximate dilution of 1:10. 0-2 c.c. 
of this suspension and of 10-fold dilutions prepared from it were then injected 
intracutaneously on a rabbit’s back. The tissue and fluid portions of both 
cultures were tested on the same rabbit to make the data more comparable 
by eliminating the variations of individual animals. Both cultures were free 
from contamination. 

The results shown in Table III are quite remarkable when one considers 
that both cultures were identical, with the one exception that the tissue in 
one was treated with normal serum and in the other with immune serum. It 
may be seen that the virus multiplied very well with the former and apparently 
not at all with the latter. As far as this one experiment went, it was more than 
suggestive that the immune serum had somehow altered the tissue so that it 
prevented multiplication of the virus, without influencing its infectivity for 
other tissue, not so treated. 

The purpose of the second experiment was to determine whether the effect 
on the tissue was reversible or irreversible, 7. e. whether or not the tissue 
could again permit the multiplication of the virus if more extensively 
washed. The nature of the mixtures and the procedure were identical with 
those used in the first experiment, with the exception that the “treated ” 
tissue was washed in three changes of Tyrode’s solution. It may be seen in 
Table III that now the virus multiplied in both cultures, and it would appear 
that the effect of the immune serum on the tissue is reversible. It was, of 
course, not forgotten that the results in the first experiment might have been 
accidental, and that it was necessary to determine in a single experiment with 
the same tissue whether the effect of the immune serum is real and whether 
it is reversible. Such an experiment was set up as follows : 


Flask 1.—100 mg. tissue in 1 c.c. Tyrode + 1 ¢.c. normal rabbit serum. 
2.— + lec. immune ,, ee 


99 “4 99 99 


” 3.— ” 99 + 1 ce. Ped 2”? ” 
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Incubation was for 2 hours at 37° C. and overnight in the cold room. The 
tissue from flasks 1 and 2 was washed once, and that from flask 3, three times 
with 10 c.c. portions of Tyrode’s solution. The washed tissues were then sus- 
pended in the same type of mixture, which consisted of 1 c.c. Tyrode’s solution, 
0-5 ¢.c. normal rabbit serum, and 0-3 c.c. of Berkefeld ‘“‘ V ”’ filtered virus. 
The virus used in this experiment had a titre of 1: 10,000. After incubation 
for 3 days at 37° C. the cultures were treated as in the preceding two experi- 
ments. The results of this experiment shown in Table III are in complete 
agreement with those obtained in the two preceding ones. Whereas there was 
definite evidence of multiplication in the cultures with the “ normal-serum- 
treated ”’ tissue and the “‘immune-serum-treated”’ tissue, washed three times, 
there was none in the culture with the “‘ immune-serum-treated ”’ tissue, which 
was washed once. Since this latter tissue was in itself infective as well as 
surrounded by fluid which contained active virus, it was difficult to escape 
the conclusion that the immune serum had exerted some effect on the tissue, 
preventing multiplication of the virus without alteration of its capacity to 
infect other tissue, and also that this effect did not constitute a permanent 
change in the tissue, but could be reversed by washing. In other words, 
it was possible to show an effect of the protective substance in antiviral 
serum on the susceptible tissue by the same methods which revealed no 
apparent action on the virus. Since, if these observations were correct, one 
would be forced to postulate a rather unorthodox mechanism of immunity, 
it was necessary, above all, to make certain of the facts as far as that might 
be possible. 

For this reason it was decided to repeat all these experiments with another 
virus, and preferably one with which still another check might be available 
as to whether or not infection of the tissue and multiplication of the virus 
had occurred, i. e. one which readily formed “‘inclusions’’. It was not incon- 
ceivable that while, in the long run, the titre of the virus in cultures may 
be a satisfactory indication of whether or not multiplication has occurred, 
a marked drop in the titre may not necessarily constitute absolute evidence 
that the tissue has not been infected by the virus. If, however, one could 
show that such a diminution in the concentration of the virus was associated 
with a failure of inclusions to form, the evidence would be about as complete 
as one could attain with the present methods. The virus selected for this 
study was pseudorabies ; first, because the action on it of immune serum alone 
was studied in the preceding investigation ; sécondly, because it has been 
shown (Traub, 1933) that it multiplies readily and forms abundant inclusions 
in rabbit testis ; and thirdly, because the disease produced by it is unmistakable. 


FATE OF PSEUDORABIES VIRUS IN A MIXTURE OF IMMUNE SERUM AND 
SUSCEPTIBLE TISSUE AFTER INCUBATION AT 37° C. FOR 2 DAYS. 


The pseudorabies virus used in this experiment was in the form of a centri- 
fuged 10 p.c. suspension of rabbit brain. No rabbit anti-pseudorabies serum 
is available, since subinfective amounts of the virus do not give rise to immunity 
and all infected rabbits die. The only anti-pseudorabies serum at hand was 
one from immune swine (available through the courtesy of Dr. R. E. Shope, 
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of the Rockefeller Institute). The experiment was therefore set up with some 
uncertainty, since it was not known whether normal swine serum might not 
exert an unfavourable effect on the rabbit tissue. Traub (1933) stated that 
pseudorabies failed to multiply in guinea-pig testis suspended in rabbit serum, 
but did multiply in guinea-pig serum. The cultures were prepared as follows : 


Flask 1.—100 mg. minced rabbit testis in 1 c.c. Tyrode + 0-6 c.c. normal swine serum. 
9 2 ee oi mS a + 0:6 c.c. immune ,, a 


0-4 c.c. of virus was added to each. Incubation was only for 2 days at 37°C., 
because Traub (1933) observed that multiplication of the virus is evident at 
that time and the inclusions are better formed then. 

After incubation, the tissue was centrifuged and the supernatant liquid 
discarded. In this experiment the tissue was not washed, and all of it was 
fixed in Zenker-acetic acid for 2 hours. The tissue was embedded in paraffin, 
and the sections were stained with phloxine-methylene-blue. Ten to twelve 
sections were cut from each block in order to diminish the chances of missing 
inclusions when they were few in number. The result was that while the 
tissue from the normal swine serum culture contained numerous acidophilic, 
intranuclear inclusions in all types of cells, the tissue from the immune swine 
serum culture contained none. 

This experiment was then repeated in exactly the same manner. After 
incubation the tissue was centrifuged, and the supernatant, fluid portion was - 
saved to test for virus. The tissue, however, was washed in two separate 
portions (6 c.c. each) of Tyrode’s solution, and divided into two parts ;_ half 
was fixed and embedded, and the other half was ground up with 1 c.c. of saline 
and tested for virus. The results of this experiment are shown in Table IV. 


TaBLE IV.—Fate of Pseudorabies Virus in a Mixture of Immune Serum and 
Susceptible Tissue after Incubation at 37° C. for 2 Days. 


Test for virus. 


Mixture. Fraction. x 
Minced testis 

+ Washed tissue . Numerous . Rabbit .  D. 66.* 
normal swine 


ae 


Animal. Result. 


eiatorslies 
virus. 


Fluid portion . ws . Guinea- D. 66. 
pig 

aint testis 

Washed tissue. None. . Rabbit . Db TG: 

Pht swine 


| 
= 
| 


jiiniineclann 
virus. 


Fluid portion. ‘a . Guinea- . Survived. 
pig 


* D. 66 = dead 66 hours after subcutaneous inoculation, with evidence of biting injected zone. 
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The tissue was tested by subcutaneous inoculation of rabbits, in order to permit 
detection of even small amounts of virus, and the fluid portions were injected 
subcutaneously in guinea-pigs because it was felt that, considering the amount 
of virus originally in the culture and the spontaneous deterioration after 2 
days at 37° C., it might be an indication of multiplication if sufficient virus 
to kill a guinea-pig were still present in the fluid. It may be seen that in the 
culture with normal swine serum the inclusions were again present and numerous, 
and that there was considerable virus in both the washed tissue and the fluid. 
The tissue from the culture with immune serum again contained no inclusions, 
but it is interesting to note that it contained some firmly fixed virus, not 
removed by washing, which was sufficient to kill a rabbit with some delay. 
The fluid portion, however, failed to kill a guinea-pig, but it should be remem- 
bered that it still contained immune serum. These results are in: complete 
agreement with those obtained in the vaccinia experiments, and show even 
more conclusively that while immune serum may prevent infection of the 
tissue and multiplication of the virus, firm fixation of the virus by the cells 
is not prevented and the virus itself is not rendered non-infectious. 


FORMATION OF INCLUSIONS IN ‘‘ NORMAL” AND ‘“ IMMUNE-SERUM- 
’ 
TREATED” TISSUE WITH UNTREATED PSEUDORABIES VIRUS, AND IN 
UNTREATED TISSUE WITH ‘‘ NORMAL” AND ‘“ IMMUNE-SERUM- 
TREATED” VIRUS. 


As in the vaccinia experiments, it was now necessary to determine whether 
or not it would be possible to show an effect of anti-pseudorabies serum on the 
tissue. The same procedure of “treating’”’ the tissue was used. The first 
experiment was set up as follows : 


Flask 1.—100 mg. minced testis in 1 c.c. Tyrode + 1 ¢.c. normal swine serum. 
” 2.— ” ° > > +- 1 c.c. immune PT ” 


Incubation was for 2 hours at 37° C. and overnight in the cold room. After 
centrifuging down the tissue and discarding the supernatant liquids, the tissues 
were washed twice in 10 c.c. portions of Tyrode’s solution. The washed 
tissues were then suspended in a fluid medium consisting of 1 c.c. Tyrode’s 
solution, 0-6 c.c. normal swine serum, and 0-4 c.c. virus. After incubation 
for 2 days at 37° C. the tissue was centrifuged and divided into two portions ; 
half. was fixed and sectioned and the other half ground up and injected into 
rabbits. The fluid portions (1 c.c. of each) were injected into guinea-pigs. 
The results shown in Table V indicate that in the culture containing the 
‘“‘normal-serum-treated ’’ tissue numerous inclusions formed and the virus 
apparently multiplied, both the rabbit and the guinea-pig dying promptly 
of pseudorabies. The “‘immune-serum-treated ” tissue showed no inclusions, 
but still contained sufficient virus to kill a rabbit with considerable delay ; 
the guinea-pig injected with the fluid portion of this culture died within less 
than 48 hours, and in view of the abnormally short time and the absence of 
biting, it was questionable whether death was due to pseudorabies. The 
results of the vaccinia experiments were thus again confirmed, and it appeared 
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quite clear that the immune serum could render the tissue unsuitable for 
infection and multiplication of virus, without apparently acting upon the 
virus itself. 


TaBLE V.—Formation of Inclusions in ‘‘ Normal” and ‘“ Immune-Serum- 
Treated”? Tissue with Untreated Pseudorabies Virus and in Untreated 
Tissue with “‘ Normal” and “ Immune-Serum-Treated’’ Virus. 


Fraction of 
Intranuclear 
Experiment. Modification of culture. —— inclusions. 


Test for virus. 


eer ee 
“Animal. Result. 
Tissue “‘ treated” with normal ( Tissue . Numerous . Rabbit. D. 68* 
swine serum and washed Fluid. oe - Guinea-pig . D. 66 
Tissue “ treated ” with immune Tissue . None . Rabbit. D. 192 
swine serum and washed twice ( Fluid . oo . Guinea-pig . D.<48 
(Pseudorabies ?). 
(Tissue “ treated ” with normal Tissue . Numerous . oi " ae 
swine serum and washed once ? Fluid . wis . Guinea-pig . D. 68 
Tissue ‘ treated ” with immune Tissue . None es . me 
swine serum and washedonce / Fluid . “re . Guinea-pig . Survived. 
Tissue “ treated ” with immune Tissue . Few a ce “ 
swine serum and washed three Fluid. se . Guinea-pig . Survived. 
times 
Virus ultracentrifuged from Tissue . Numerous . sta Fs oe 
normal serum mixture ( Fluid. aye . Guinea-pig . D. 68 
Virus ultracentrifuged from Tissue . Numerous . is i es 
immune serum mixture after Fluid . és Guinea-pig . D. 120 
24 hours’ incubation 


* PD. 68 = dead 68 hours after subcutaneous inoculation, with evidence of biting zone. 


The purpose of the second experiment was (a) to repeat the first, (b) to 
determine the effect on “‘ immune-serum-treated ”’ tissue of additional washing, 
and (c) to determine whether or not virus which had been incubated with an 
excess of immune serum would have ‘undergone any alteration in its physical 
state which would prevent it from infecting tissue and forming inclusions 
in vitro. For parts (a) and (b) of this experiment minced testis was incubated 
with normal and immune swine serum for 2 hours at 37° C. and overnight 
in the cold room in the same proportions as in the previous experiment. One 
of the ‘‘ immune-serum-treated ”’ tissues was washed once, with 10 c.c. Tyrode’s 
solution, and the other along with the ‘“ normal-serum-treated ” tissue was 
washed three times. The washed ‘tissues were suspended in a fluid medium 
consisting of 1 c.c. Tyrode’s solution, 0-6 c.c. normal swine serum, and 0-4 
c.c. virus. Part (c) of this experiment was arranged as follows : 


Tube I.—1 c.c. Berkefeld ‘‘ V” filtered virus + 1 c.c. normal swine serum. 
99 Il.— 9 ” ” + 1 cc. immune 9 ” 


A mixture similar to that of Tube II was shown to be non-infective upon 
subcutaneous injection in a rabbit. After incubation for 2 hours at 37° C. 
and overnight in the cold room, both tubes were centrifuged at 14,000-r.p.m. 
for three 1-hour periods. The supernatant liquids were carefully pipetted off, 
and no attempt was made to remove the serum incorporated in the sediments. 
Each sediment was then taken up in a mixture of 0-5 c.c. normal swine serum 
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and 0-5 c.c. Tyrode’s solution, and added to a Carrel flask containing 100 mg. 
of minced testis in 1 c.c. Tyrode’s solution. All flasks were incubated at 37° 
C. for 2 days. In order to diminish the chances of missing inclusions, the total 
tissue from each flask was fixed and sectioned, and only the fluid portions 
tested for virus. 

The results shown in Table V confirm all the previous observations. In 
the culture with the “‘ normal-serum-treated ’’ tissue there were numerous 
inclusions, and the virus apparently multiplied, since the guinea-pig injected 
with the fluid portion died promptly. In the culture with the “ immune- 
serum-treated ’’ tissue which was washed once there were no inclusions, and 
the virus obviously did not multiply, since the guinea-pig injected with the fluid 
portion survived. In the culture with the “ immune-serum-treated ”’ tissue 
which was washed three times there were only a very few inclusions in one of 
the bits of tissue, but there was apparently no appreciable multiplication of 
virus, because the guinea-pig injected with the fluid portion survived. The 
effect of the immune serum on the tissue was again fully evident, and the 
findings suggest that here, too, it is probably reversible by washing, although 
in this case it was apparently not washed enough to render sufficient tissue 
available for an appreciable multiplication of the virus. The results with the 
cultures containing the “treated ’”’ virus are not only an additional control 
for the above experiments, but also a confirmation in vitro of the observations 
made in vivo in the preceding investigation, and show quite definitely that the 
immune serum does not alter the physical state of the virus in a way which 
would render it non-infectious. In the cultures with both the “ normal- 
serum-treated ’’ and ‘“‘ immune-serum-treated ”’ virus there were many inclu- 
sions, and the virus apparently multiplied, since the guinea-pigs injected with 
the fluid portions from both died of pseudorabies. This not only appears to 
be further evidence that the action of the protective substance in immune 
serum is not on the virus, but also that minute amounts of immune serum, 
such as must have been carried along with the unwashed ‘“‘ immune-serum- 
treated ’’ virus, are not sufficient to exert a protective effect on the tissue in 
vitro. In explanation of these results some may suggest that the protective 
substance can inactivate virus only when both are fixed to the cell, and in that 
way prevent infection. Such an explanation becomes untenable when one 
remembers that the tissue, which was itself protected, had firmly fixed virus 
(i. e. virus not readily removed by washing), which remained infectious for other 
tissue. 


NATURE OF THE PROTECTIVE EFFECT OF ANTIVIRAL SERUM ON SUSCEPTIBLE 
TISSUE IN VITRO. 


By what mechanism does an anti-viral serum render normal susceptible 
cells refractory to infection with.a virus ? When one assumes, as the evidence 
leads one to believe, that the virus itself is not affected, the alternate possibility 
appears that some specific substance or factor in the living cell upon which 
the virus must act, or which it must use in order to begin multiplication, is 
affected by the immune serum. Unfortunately, this possibility did not lend 
itself to direct investigation. Some of the factors involved in the process 
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could be studied, however. There is the question, for instance, of whether the 
normal susceptible tissue actually fixed or combined with the protective 
substance. The refractory state of ‘‘ immune-serum-treated ”’ tissue which 
had been washed once or twice suggested that the effect remained when the 
great excess of immune serum was removed. To determine whether or not 
fixation of the protective substance occurred, an anti-vaccinial and an anti- 
pseudorabies serum were mixed with minced testis, and after incubation and 
centrifugation, the supernatant liquids were compared for their protective 
capacity with the untreated sera. 

Two c.c. of a 1: 10 dilution of a potent, rabbit anti-vaccinial serum were 
added to 2 g. of minced testis. The mixture was incubated for 2 hours at 
37°C. and overnight in the cold room. The supernatant liquid, obtained upon 
centrifugation, and the untreated serum were then mixed with equal amounts 
of 10-fold dilutions of a testicular strain of vaccinia, and 0-2 c.c. of each mixture 
was injected intra-cutaneously in the same rabbit. The results shown in 
Table VI indicate that a definite absorption of protective substance from the 
immune serum had been effected. 


TaBLE VI.—Absorption of Antiviral Substance from Vaccinia-Convalescent 
Rabbit Serum by Normal Rabbit Testis. 


Fluid tested for Days Concentration of vaccinia (testicular). 
anti-viral after 
substance. inoculation. 23. 1x10-. 1x10. 1x10. 1x10. 1x10. 1x10 
Saline f+ ‘ + 3 pea a ge 
control +4++ . 4++4+ ; « 
-+++4 - +++. 
~+++4 - +++. 


Antivaccinial . 
serum diluted 
1:10, untreated 


++h-~ 


Antivaccinial . 

serum diluted 
1: 10, treated 
with normal 
rabbit testis 


a 
+4 
+ 


3 
4 
5 
6 
3 
4 
5 
6 
3 
4 
5 
6 


++ 
++ 
~+ 
+H 


One c.c. of anti-pseudorabies serum was mixed with 2 g. of minced testis 
and treated as above. Both treated and untreated sera were mixed in varying 
amounts with 1 ¢c.c. of a 10 p.c. virus suspension (rabbit brain), and injected 
subcutaneously in guinea-pigs. The results, shown in Table VII, indicate 
that there was absorption of protective substance in this case as well. 

To determine whether or not fixation of protective substance could be 
demonstrated in vivo, the following experiment was done: 0:1 c.c. of anti- 
vaccinial serum and of normal rabbit serum were injected intracutaneously 
in different zones on a rabbit’s back during each of 3 consecutive days. The 
skin zones were marked, and at the end of 72 hours all were injected with 
0-1 ¢.c. of filtered virus (about 10,000 M.I.D.). Lesions developed at all the 
normal serum sites, but there was none at the immune serum sites. The 
potency of this serum was such that in a dilution of 1 : 10 it failed to protect 


7 
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TaBLE VII.—-Absorption of Antiviral Substance from Anti-pseudorabies Serum 
by Normal Rabbit Testis. 


, Amount of virus— Guinea-pig 
Fluid tested. Amount. pare Ric wo No. 


None ‘ ve ~ 2 OR, BO es 155 : D. 66.* 
Untreated anti- Bee | ee j~= Ll . Survived. 
pseudorabies O-2e.c. . : 152 j ss 
serum 
Antipseudorabies . 0-2c.c. . ; 153 : D. 112. 
serum treated O-3e.c. . ; 154 . Survived. 
with rabbit testis 


* D. 66 = dead 66 hours after subcutaneous inoculation. 


Result. 


against this amount of virus. With all the opportunities for diffusion from 
the site of inoculation, it is not improbable that the persistence for as long as 
72 hours of the local refractory state to a large dose of virus may be due to 
local fixation of protective substance. 

From these experiments one can say nothing, however, about the nature 
of such fixation. That there is no irreversible chemical union must be evident 
from the fact that when the tissue is washed sufficiently, it loses its refractory 
state as regards infection with the virus. Until further work is done on this 
question it would appear that susceptible tissue is capable of adsorbing or 
fixing both virus and protective substance ; when virus is fixed first, sub- 
sequent fixation of protective substance is without effect, but when the latter 
is fixed first. the virus is without effect, and when they are both fixed simul- 
taneously (unless the protective substance is capable of being adsorbed first 
from a mixture of the two), the virus is still without effect. The mechanism 
of such an antagonism is quite obscure, and does not lend itself to explanation 
on the basis of any classical, immunological concept. 


DISCUSSION. 


The purpose of the present investigation was to determine the fate of virus 
in mixtures of susceptible tissue, immune serum and virus, in which the immune 
process was consummated. The method of study consisted of incubating such 
mixtures for certain periods, separating the various\econstituents from one 
another by ultra-centrifugation or washing, determining the presence of virus 
in the tissue and fluid portions of the culture by animal inoculation, and the 
presence of “inclusion. bodies ’’ by histological sections of the tissue. The 
results may be summarized as follows: In oultures with immune serum, in 
which the tissue was not infected, as evidenced by lack of multiplication and 
the absence of inclusions, the virus was neither destroyed nor its physical 
state so altered that it could not infect when the immune serum was removed. 
In such cultures the virus was fixed by the tissue apparently to the same extent 
as in cultures with normal serum, but whereas in the latter it proceeded to 
multiply and form inclusions, in the former it did neither of these things ; 
it deteriorated at the same rate as virus which does not multiply, either because 
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of the absence of tissue or other unfavourable conditions. That an excess of 
immune serum is not necessary for the protection of susceptible tissue against 
infection was shown by experiments in which the tissue, after exposure to the 
immune serum for a certain time, was freed from it and washed sufficiently to 
dilute any free or unbound protective substance well beyond an effective 
concentration. Such tissue was itself refractory to infection, although there 
was virus on it and in the fluid all around it which was fully infectious for 
other tissue not so treated. It was, therefore, difficult to-escape the conclusion 
that even in the presence of tissue, the action of the protective substance was 
not upon the virus, but rather upon the tissue. This effect upon the tissue was 
such that it became refractory to infection and unsuitable for the multipli- 
cation of virus. That this refractory state does not represent a permanent, 
irreversible change in the cells is evident from the observation that by profuse 
washing it was possible to render the tissue susceptible again. This fact is 
of interest in view of the observations (Andrewes, 1929b ; 1930a; 19306; Rivers, 
Haagen and Muckenfuss, 1929) that tissues from an immune animal may be 
susceptible to infection im vivo when the immune serum is washed away. 
The fixation of protective substance by normal tissue was also shown indirectly 
by absorption experiments. Susceptible tissue is, therefore, capable of adsorb- 
ing or fixing both virus and protective substance. When virus is fixed first, 
the subsequent adsorption of protective substance is without effect ;, when the 
protective substance is fixed first, or perhaps even simultaneously, the virus 
has no effect. The nature of such an antagonism is obscure, and, in view of 
the available data, does not lend itself to explanation on the basis of any 
classical immunological concept. 

It may be asked how one can correlate the view that the virus and the 
protective substance do not unite with the claims that specific agglutination 
of various elementary bodies (Ledingham, 1931; 1932; 1933), specific floccula- 
tion and complement fixation have been observed with several viruses. Whether 
the soluble antigens apparently involved in these reactions (Craigie, 1932 ; 
Smith, 1932) represent virus ‘“‘ soluble specific substances ”’, or whether they 
are specific products of infection which are not derived from the virus substance, 
cannot unfortunately be answered with any degree of exactitude as yet. The 
fact that suspensions, containing elementary bodies, are agglutinated by certain 
antiviral sera is not in itself proof that the precipitable substance is a chemical 
constituent of the virus, since it is well known that particles (bacteria, col- 
lodion, etc.) which have adsorbed soluble antigens may then be specifically 
agglutinated by the homologous antisera. But whatever the nature or origin 
of the precipitable substance may be, it is not improbable that the antibody 
responsible for agglutination, flocculation and complement fixation may be 
distinct from the substance involved in the protective mechanism. For even 
among the ordinary bacteria, the anti-bacterial antibodies are not always the 
ones that protect against infection ; while practically all the protective anti- 
body is removed when anti-pneumococcal serum is absorbed with the homo- 
logous organisms (Sabin, 1931), absorption of an anti-anthrax serum with the 
bacillus grown in vivo or in.vitro or any of its in-vitro products, leaves the pro- 
tective antibody in almost undiminished concentration (Matsumoto, 1924). 
The protective antibody in anti-anthrax.and certain other sera is directed, not 
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against the bacteria, but against a product of in-vivo infection (Matsumoto, 
1924; Petterson, 1928). In the case of yellow fever, Hughes (1933) showed 
rather conclusively that the protective “ antibody ” and the antibody respon- 
sible for flocculation and complement-fixation are distinct. It is not improbable 
that the same may apply to other viruses. 


SUMMARY. 


1. The fate of the viruses of vaccinia and pseudorabies was investigated 
in cultures consisting of minced testis, virus, and either normal or immune 
serum, by separating the various constituents from one another after certain 
periods of incubation. The separation was accomplished by ultracentrifu- 
gation or washing. The presence of virus was determined separately in the 
tissue and fluid portions of the cultures by animal inoculation. The evidence 
of infection of tissue in vitro was based either on the demonstration of 
multiplication or the formation of “inclusion ”’ bodies, or both. 

2. In cultures with normal serum, the virus early became fixed to the tissue ; 
this was followed by multiplication and formation of inclusions. 

3. In cultures with immune serum, the immune process was consummated 
without destruction of the virus or any alteration in its physical state of such 
a kind as to render it innocuous when removed from the immune serum ; 
it became firmly fixed to the tissue, however, apparently to the same extent 
as in the normal serum culture, but neither inclusions nor multiplication 
occurred. 

4. When minced tissue was incubated with immune serum, and then freed 
from it by centrifugation and washing to an extent that the protective sub- 
stance in the fluid surrounding it was reduced to ineffectiveness, it still remained 
refractory to infection, i.e. there was no multiplication of the virus and no 
inclusion formed in the culture. This tissue, which was not itself infected, 
was nevertheless infectious to other tissue which was not protected by immune 
serum. Virus, however, incubated with immune serum and then freed from 
the excess by ultracentrifugation was fully infectious in vitro and in vivo. 

5. The refractory state of “‘immune-serum-treated ”’ tissue is not irre- 
versible ; it may be rendered susceptible again by profuse washing. 

6. The fixation of protective substance by normal tissue was also demon- 
strated by its absorption from immune serum in vitro; judging from the 
relatively long duration of local passive immunity, it isnot improbable that 
it also occurs in vivo. 

7. The data presented in this communication are not in agreement with the 
conception that the protective substance in antiviral serum combines with the 
virus—at least not in a manner which is similar to known antigen-antibody 
reactions. 

8. Immunity to the virus is intimately bound up with the cell. Both the 
protective substance and the virus are fixed by the tissue ; if the fixation of the 
virus precedes that of the protective substance, infection of the cell is not 
prevented ; if the fixation of the protective substance precedes, or perhaps 
even when it is simultaneous with, that of the virus, infection is prevented. 
The mechanism of the antagonism is obscure. 
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In previous papers (Gordon, Whitehead and Wormall, 1926 and 1929; 
Gordon, 1930a), results are recorded which show that there cannot be any 
question of actual identity between the hemolytic complement and the 
opsonin of normal serum. A great deal of the earlier work had suggested 
such an identity—for instance the adsorption experiments of Muir and Martin 
(1906) and of Neufeld and Hiine (1907), in which a variety of adsorbents 
caused loss of both complement and opsonin. The effect of heating at 55° C. 
affords another example of similar or even identical behaviour. It has, 
however, since been shown that certain other treatments of serum bring out 
distinct differences between complement and opsonin. For instance, serum 
deprived of the fourth component of complement by the action of ammonia, 
and having therefore no hemolytic power, may yet retain its opsonic activity 
unimpaired. A similar effect may be obtained by the action of congo-red on 
serum. In the present paper further experiments with ammonia and congo- 
red are recorded, and also investigations on other lines, all of which indicate 
clearly that the resemblance often found between complement and opsonin is 
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‘very far from complete. The actual relationship will be discussed after the 
experimental work has been described. 


EXPERIMENTS. 


Action of Ammonia on Serum. 


It has again been shown in several experiments that an addition of 
ammonia to serum, in quantity just sufficient to inactivate the complement, 
leaves the opsonin intact. The inactivation of the complement is of course 
due to destruction of the fourth component, and re-activation can always be 
brought about by the addition of a small quantity of heated serum. The 
following experiment is cited as an example: 


0-5 and 1-0 c.c. of N/5 NH; were added to two 4 c.c. quantities of guinea-pig serum. The 
mixtures were incubated 14 hours at 37°C. and then neutralized to pH = 7:5 with N/5 HCl. 
Quantities of 0-1 and 0-2 c.c. of each mixture were added each to 0-5 c.c. of a 4 p.c. suspension 
of sensitized ox corpuscles and incubated for 2 hours at 37°C. There was no hemolysis. 

To 0-25 c.c. of each of the above ammoniated and neutralized sera, containing no complement, 
were added 0:1 c.c. of a suspension of Staphylococcus aureus and a drop of a leucocytic cream. 
This cream was prepared by centrifuging citrated guinea-pig’s blood at moderate speed and washing 
the leucocytes four times. The mixtures were incubated for 2 hours at 37° C., and were then 
centrifuged and the supernatant fluid removed. Films were made from the deposit and stained 
with Leishman’s stain. Marked phagocytosis was shown in each case, equal in amount to that 
obtained in a contro] experiment using an equal amount of normal serum. 

A control experinient using saline instead of normal serum showed little, if any, phagocytosis. 

Only the fourth component of complement was destroyed by the ammonia. An addition 
of 0-1 ¢.c. of serum heated for 30 mins. at 55°C. (and showing of itself no complement activity) 
was made to 0-1 and ()-2 c.c. of ammonia-inactivated serum. These mixtures were each incubated 
for 30 min. at 37° C. with 0-5 c.c. of sensitized ox corpuscles. Complete hemolysis resulted. 


The whole experiment therefore demonstrates that serum deprived by 
ammonia of the fourth component of complement still retains its full opsonic 
power. 


Action of Congo-Red on Serum. 


If congo-red is added to serum in sufficient quantity, the complement is 
inactivated. This inactivation is reversible, since the complement can be 
restored by the action of suitable adsorbents (Gordon, 1930b). As with the 
ammonia, it has been shown that certain concentrations of congo-red which 
are sufficient to inactivate the complement leave the opsonin apparently 
undiminished. An example is given : 


Varying quantities of 1 p.c. congo-red in distilled water were added to 0-5 c.c. quantities of 
guinea-pig serum and allowed to stand for 1 hour at room temperature. 0-1 ¢.c. of the mixture 
was tested for complement by adding it to 0-5 c.c. of a 4 p.c. suspension of sensitized ox corpuscles 
and incubating for 2 hours. The treated serum was then tested for opsonin. 0-1 c.c. of Staphylo- 
coccus suspension was added to the unused remainder of the serum and congo-red mixture, and, 
after incubating for 2 hours, the mixture was centrifuged and the supernatant fluid pipetted off. 
The deposit was made up to the original volume of serum with saline. Washed guinea-pig 
leucocytes (prepared as before) were then added and the degree of phagocytosis determined as 
with the ammoniated sera. 
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TABLE I. 
added ben cn meme. Hemolysis. Phagocytosis. 
0-10 ; le alee ; +++ 
0-15 : we : ++++ 
0-20 . ar . +++ 
0-25 . .. : +++ 
0-30 . +e ‘ +++ 
0-00 (control) ++++ : ++++ 


A further control with saline, but no congo-red or serum, showed no spontaneous phagocytosis. 


The signs in this and following tables are to be understood as follows : 
+-+-+-+ Complete hemolysis or normal phagocytosis as with normal serum. 
+++ Nearly complete hemolysis or slightly weakened phagocytosis. 
++ Partial hemolysis or moderate phagocytosis. 
+ Trace of hemolysis or phagocytosis. 
No hemolysis or phagocytosis. 


It was not. considered advisable to record experiments with amounts of congo-red larger than 
those given in the table, since not only were the seruin proteins partly precipitated, but congo-red 
remained in the centrifuged deposit of Staphylococcus in sufficient quantity to give the saline a 
deep red colour and interfere with the activity of the leucocytes. 


Effect of Long Standing on Serum. 


It has been known for many years that long standing causes the 
disappearance of complement activity. In the present experiments it has 
been shown that opsonic activity also disappears under the same circum- 
stances, but far more slowly. 


Blood was taken from guinea-pigs’ hearts under sterile precautions. The serum was separated 
next day, and then allowed to stand at room temperature. Samples were taken at intervals, 
under sterile precautions, and tested for both complement and opsonin, the serum being also 
subcultured on each occasion to test its sterility. For the complement test, 0-1 and 0-2 c.c. of 
serum were added to 0-5 c.c. of 4 p.c. sensitized ox corpuscles, and incubated at 37° C. for 2 hours. 
The opsonic test was carried out, using 0-25 c.c. of serum, and proceeding as previously described. 


Five experiments were undertaken, each involving at least six separate 
sera from different guinea-pigs. The complement disappeared in about a 
fortnight, say 11-17 days, but at this point opsonin was still present showing 
considerable activity, and disappearing only after 3 weeks or more. In other 
words, the opsonin survived for a week or so longer than the complement, 
and this effect was shown by every specimen of serum that was examined. 

These results, like those obtained with ammonia and congo-red, show that 
there is a definite difference between opsonin and complement. 


Effect of Acid and Alkali on Serum. 


Complement is well known to be sensitive to changes in reaction, and a 
comparison has been made in this respect with opsonin. As in the previous 
experiments, opsonin is found to be more resistant than complement. 
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1 c.c. quantities of serum were treated with varying amounts of HC] or NaOH and incubated 
for 30 mins. at 37° C., after which the mixtures were neutralized with the exact amounts of NaOH 
or HCl equivalent to the reagent previously used. Each sample of serum was then tested for 
both complement and opsonin, and the following table gives the results of one such experiment : 


TABLE IT. 


C.c.N/5HCl C.c. normal C.c.N/5NaOH C.c. normal Hemolysis. 
added to saline added after saline —_—_—"*___——— Phagocytosis. 
le.c. serum. added. incubation. added. 0'1 c.c. 0°2 c.c. 


OOS Oe 8 a ee oa. ee 
i eee en, ee oS eee Se ee ee 
eo Ee + ; + .  ++++ 
iss. ies. ye ae Z, i . +++ 


C.c.N/5 NaOH C.c. normal C.c. N/5 HCl C.c. normal Hemolysis. 
added to saline added after saline —_—_—_——— 
1 c.c. serum. added. incubation. added. 01 c.c. 0°2 c.c. 


fo Sa S Ts ee 0-2 “ 0-3 ° 5b ies i, BR oe vss es ee ss se 
a See, Jae 0-3 : 0-2 ; i . és . slab a we 
Oe see 0-4 . 0-1 ; ie ‘ ae ‘ f+} 
Os", — - 0-5 4 — > ee 4 ee ‘ 
Serum control, i.e. serum diluted lin2 . eR ee ee ar 
Saline control, 7. e. saline only ‘ ce ? e se 


Phagocytosis. 


For the hemolysis tests 0-1 and 0-2 c.c. of treated serum were used, with 0-5¢.c. of 4p.c. ox 
corpuscles. 0-25 c.c, serum was used for the opsonin tests. 


Eight such experiments have been carried out, and in every case the 
opsonin has proved definitely more resistant to both acid and alkali than the 
complement. It will be noticed from the table that alkali appears to have a 
rather more powerful action than acid. 


Action of Salts on Serum. 


The effect on complement of certain sodium and potassium salts at hyper- 
tonic concentrations has been described in previous papers (Gordon and 
Thompson, 1933). There is a qualitatively similar effect on opsonin, but as 
with other inactivating agencies, there are definite and unmistakable quanti- 
tative differences with all the salts investigated. Again the’ opsonin is more 
resistant than the complement. 


Quantities of salts as shown in the table were added to 1 c.c. quantities of serum and allowed 
to stand on the bench for 2 hours. Tests were then made for complement by adding 0-1 and 0-2 c.c. 
of the mixtures to 0-1 c.c. of a 10 p.c. suspension of sensitized ox corpuscles and incubating. 
(The high concentration and small volume of blood were chosen in order to avoid reversal of the 
inactivation by dilution.) To test for opsonin, 1 c.c. of salt-serum mixture was incubated with 
0-1 c.c. of a suspension of Staphylococcus, centrifuged, the supernatant fluid removed, and the 
deposit of bacteria made up to 1 ¢.c. with normal saline. (In some experiments the centrifuged 
bacteria were washed with saline and made up to volume again, but this led to no noteworthy 
difference in the result.) Leucocytes were then added, the mixtures incubated, and films prepared 
as in previous experiments. 
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TABLE ITI. 


C.c. 2N salt Hemolysis. 
solution added a eSga ERR OS 
to 1 ¢.c. serum. 0'1 c.c. 0'2 c.c. 


+tt+ 6 +4t+ 6 +444 
+++ xe -  ++4++ 

‘ thet 
st 
a E 


Phagocytosis. 


o 
bo 


+t+++ . »  tt4+4+ 
me ; ite : ++++ 
+++ 

ae 

fone 


++++ . -  ++4+4+ 
he ~  $+4+4 
+++ 

+++ 

++ 


OQnhwWH ARO S@®aARO 


++++  . ~  t+t+ 

ge ; < de ede 

} Nal ae - 4% ; +4 
ra : ne : ++ 


0: 
0: 
0 

0 

0: 
0: 
0: 
0: 
0- 
0: 
0: 
0- 
0: 
0: 
0: 
0: 
0- 
0: 
0- 


és * ry . + 
Controls: 1 c¢.c. serum alone . » ++4+4+ ‘ +444 ; +++-+ 


or Wh = 


lc.c. saline alone . 


This table shows clearly that opsonin still remains when complement is 
entirely inactivated. Nevertheless the opsonic activity is diminished by the 
higher concentrations of salts, the diminution being most marked with iodide. 


SUMMARY AND DISCUSSION. 


Experiments have been described showing that five different treatments 
of normal guinea-pig serum all affect opsonin and complement differently, 
and that in each case the opsonin is the more resistant. These experiments 
include : 

1. Action of ammonia on serum ; 

2. Action of congo-red on serum ; 

3. Effect on serum of long standing at room temperature ; 

4. Effect of additions of acid or alkali ; 

5. Action of hypertonic concentrations of certain sodium and potassium 
salts. 

In every experiment it was found possible to adjust the conditions so 
that opsonin was present in apparently undiminished quantity when comple- 
ment was completely inactivated. 

There are various possible views that may be or have been held with regard 
to the relationship of complement and normal opsonin. The following 
classification is given as a basis for discussion : 
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1. Complement and ncrmal opsonin are identical. 

2. Opsonin is a partial or incomplete complement. 

3. Complement may, when present in its complete form, act as an opsonin, 
but when it is modified or altered in structure by various agencies, the modified 
complement may still act as an opsonin provided that it has not been too 
drastically altered. Perhaps, if complement is regarded as a particular and 
most favourable structural state of the serum proteins, opsonization may 
still be possible with wider divergences from this optimum state than are 
permissible for complement action. 

4. Opsonin is a different system from complement, but only able to act in 
the presence of complement. 

5. Opsonin and complement are different systems acting independently, 
but showing considerable resemblances to one another in some respects. 
Opsonin may possibly be of the nature of an immune body, though thermo- 
labile and non-specific. 

The first view appears to the writers to be no longer tenable. Actual 
identity requires that any given treatment of serum should affect both 
complement and opsonin in identical fashion, both qualitatively and quanti- 
tatively. If, therefore, it is well established that any one treatment of serum 
affects complement and opsonin differently, then the identity hypothesis can 
no longer be upheld, even though other treatments of serum may affect both 
systems identically. It has been shown that there are in fact several ways 
of treating serum so as to inactivate complement whilst leaving opsonin 
unaffected. These remarks apply equally to the fourth hypothesis mentioned 
above, namely, that opsonin, though differing from complement, nevertheless 
requires the presence of complement in order to be able to act. This view is 
considered by Topley (1933), who gives a general survey of opsonization from 
this standpoint. However, in all the experiments described in the present 
paper, the complement has been altered sufficiently to cause entire loss of its 
hemolytic power. How far it is justifiable to speak of this as complete 
destruction of complement it is not possible to say at present, but the writers 
take the view that the evidence for the presence of complement is the occur- 
rence of hemolysis with sensitized cells, and that if this effect is absent, 
complement cannot be said to be present. Ward and.Enders (1933) conclude 
from their experiments on Pnewmococcus that complement acts in conjunction 
with antibodies in phagocytosis by normal serum, but regard the complement 
as a catalyst in the combination of antibody and bacterium,’a combination 
which still takes place however, though less rapidly, in the absence of 
complement. 

Hypothesis No. 4 cannot be maintained in view of the experiments described 
in the present paper, in which opsonic activity has been demonstrated when 
complement was absent, at least in its complete form. 

Another possible view is that opsonin is an incomplete complement. The 
writers have already given reasons for considering the identity hypothesis to 
be untenable, but the action of ammonia on serum might be interpreted to 
mean that complement deprived of its fourth component still remains an 
opsonin. On the other hand, the further experiments described in this paper, 
whilst not strictly incompatible with this view, do not. directly suggest. it. 
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The action of ammonia is probably specific for fourth component ; it is not 
due to the change in pH which it causes. The action of hydrochloric acid or 
caustic soda, however, is more general, and not specifically directed to one 
single component of complement. Yet the same survival of opsonin after 
inactivation of complement is shown after acid or alkali treatment as after the 
use of ammonia. The same is probably true of the effect of long standing or 
of the action of congo-red. Whatever view is taken of the inactivation of 
complement by salts, whether it is inactivation by dispersion, or whether it is 
merely the inhibition of the combination of complement with the sensitized 
corpuscles, it is surely an effect on the whole complement and not a removal 
of a part. The writers therefore consider that the conception of opsonin as 
an incomplete complement is not the most probable interpretation of the 
whole evidence now available, though on the other hand it is not disproved. 
Hypotheses No. 3 and No. 5 are now left for discussion, and it will be 
more convenient to give first consideration to the latter. All the experiments 
so far described in this paper are consistent with the view that normal opsonin 
is a different and independent system from complement, though resembling it 
in several respects. There is, however, other and more direct support for this 
point of view. Reiner (1929) showed recently that neutralized tannin would 
do two things, namely, opsonize Staphylococcus and erythrocytes, and also 
prepare erythrocytes for hemolysis by complement. In other words, tannin 
in one case performs the function of an opsonin, and in the other case, that of _ 
an immune body. Neufeld and Etinger-Tulczynska (1929), following up this 
work, found in agreement with Reiner that tannin would prepare erythrocytes 
for hemolysis by complement and that it would also opsonize certain bacteria, 
e.g. Pneumococcus, which were not spontaneously phagocyted by leucocytes- 
The present writers have several times obtained similar. results, using Staphy- 
lococcus for opsonization by the tannin, and ox corpuscles for hemolysis. A 
footnote to a paper by Landsteiner (1912) states that silicic acid can act as 
an opsonin as well as take the place of an immune body in complement 
hemolysis. This all indicates that the function of an opsonin, if it is to be 
compared with anything occurring in hemolysis, is analogous to the function 
of the immune body rather than to that of the complement. There is still 
further evidence to indicate that opsonin and complement are different. It is 
well known that immune bodies combine with erythrocytes at 0° C., but that 
sensitized erythrocytes will not combine with complement at that temperature. 
Opsonins, however, are taken up at low temperatures (Browning, 1925), 
again behaving like immune bodies rather than complement. The experiments 
of Elvidge (1933) are of interest in this connection. The reticulo-endothelial 
system of the rabbit was subjected to blockade by quartz particles and by 
Indian ink granules. It was found that this treatment caused a very rapid 
fall in the complement content of the serum, the fall beginning in 15 mins., 
reaching a minimum level in about 3 hours, and returning to the normal level 
after about 24 hours. The opsonic activity, however, diminished much more 
slowly, requiring 24 hours to reach a minimum, and only returning to a normal 
level after several days. Elvidge considers that this is evidence of the differing 
origin and mutual independence of opsonin and complement, and it appears 
to the writers that the latter conclusion at least has ample justification. 





108 J. GORDON AND F. C. THOMPSON. 


Whatever the exact mechanism of blockade may be, one and the same 
treatment of the rabbit has affected complement and opsonin very differently. 
It appears therefore that there is considerable evidence of several kinds to 
indicate that opsonin and complement are different systems, and that opsonin 
shows some resemblance to an immune body. Nevertheless opsonin is 
non-specific and thermo-labile, and has several other features in common 
with complement, and the writers do not wish at this stage to assert the 
complete independence of the two systems. Consideration must be given to 
the fact that the treatments of serum described ‘in this paper as inactivating 
complement will all, if carried far enough, also inactivate opsonin. This is 
evidence, though of a general kind only, in favour of the third hypothesis, 
namely that modified complement, not too seriously altered, may still function 
as an opsonin, even though the particular optimum structure, or degree of 
dispersion, or “ physico-chemical state ’’ necessary for complement action no 
longer exists. It is not possible at present, however, to bring forward more 
direct evidence in favour of this view, but it should be borne in mind that 
immune bodies are most probably if not certainly proteins, and that the 
simpler a protein is in structure, the more resistant it is likely to be to such 
influences as those described in this paper. 


We should like to express our indebtedness to the Medical Research Council 
for a grant to one of us (J. G.) in aid of this work. 
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